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FOREWORD 

The  Liquid  Propellant*  Symposium,  held  27-20  March  1957,  waa 
sponsored  by  the  Technical  Advisory  Panel  on  F*tels  and  Lubricants,  of 
the  Office  of  the  Assistant  Secretary  of  Defense  (Research  and  Develop¬ 
ment)  .  The  technical  content  of  the  Symposlta  was  selected  by  an  ad 
hoc  Papers  Review  Committee  with  the  following  membership: 

PAPERS  RETlEw  COM-dTOEg 


Dr.  D.  L.  Armstrong,  Aerojet-General  Corporation 

Mr.  Oscar  Besslo,  Bureau  of  Aeronautics  (Navy) 

Dr.  H.  W.  Car hart.  Naval  Research  Laboratory 

Dr.  Noah  S.  Darts,  Jr.,  Becco  Chemical  Division,  Food 
Machinery  &  Chemical  Corporation 

Mr.  Bernard  Horns te in,  Office  of  Rav-' 

Dr.  Eugene  Miller,  Redstone  Arsenal  (Army) 

Mr.  L.  R.  Rapp,  Hughes  Tool  Ceng  >ny 

Mr.  John  F.  Toraey,  Rockutd-tu.,  A  Si.-.  u*  .1 
American  Aviation,  Inc. 

Commander  R.  C.  Truax,  Western  Development  Division, 

Air  Research  and  Development  Command 

Dr.  J.  0.  Tschinkel,  Army  Ballistic  Missile  Agency 

Mr.  B.  F.  Wilkes,  Hq,  XJ.  S.  Air  Force 

Twenty-two  papers  were  presented  at  the  symposium,  nineteen 
of  which  were  Included  1  volume  1,  FFL  212/13,  Liquid  Propellants 
Symposium.  The  other  three  axe  Included  In  this  volume.  In  addition, 
sixteen  papers  were  read  by  title  only  at  the  symposium.  Thirteen  of 
the  latter  papers  were  Included  In  Volume  2,  FFL  212/13,  Liquid  Pro¬ 
pellants  Symposium,  and  the  other  three  are  Included  In  this  volume. 

Also  Included  In  this  volume  is  preparr  1  discussion  on 
eighteen  papers  and  general  floor  discussion.  Each  discusser  has  been 
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given  an  opportunity  to  edit  the  transcript  of  his  discussion  before 
inclusion. 

A  total  of  7^7  persons  were  cleared  for  attendance  at  the 
symposium.  The  500  who  attended  represented  152  industrial  and  educa¬ 
tional  organization*  and  numerous  military  agencies. 


TMa  document  it  the  property  the  United  States 
Government.  It  ia  furnished  fur  the  -V  contract  and 

shall  be  returned  when  no  loafer  required,  or  upon 
recall  by  ABTIA  to  the  following  addrese: 

Armed  Service*  Technical  Informelioe  Agency,  Document  Service  center, 

Knott  EtaUdi  tr,  Dtyton  2.  Ohio. 
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NATIONAL  DEFENSE  OF  THE  UNITED  STATES  WITHIN  THE  MEANING 
OF  THE  ESPIONAGE  LAWS,  TiTLE  18,  U.S.C.,  SECTIONS  793  and  794. 
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27  MATCH  19 7’ 
mg foam  SBBSTCW 

CHATRMWf:  ffi.  HQAH  8.  DILVIfl,  JR. 


UR.  DAVIS:  Good  morning,  ladies  and  gent  1 —an.  I  have  the 
pleasure  of  presenting  Mr.  Holaday,  Deputy  Assistant  Secretary  of 
Defense,  vho  viil  give  the  "Welcoms." 

HR.  W.  M.  KHiUMI.  OflgD  (BMflt  Ladle*  and  gentleman.  It  la 
my  privilege  to  WIcame  you  to  this  symposium. 

I  believe  all  of  you  realise  that  I  am  a  very  strong  supporter 
of  symposiums,  because  I  think  they  furnish  a  needed  means  of  coesaunl- 
catlon.  We  have  been  trying  to  sponsor  more  sjqosluu,  particularly 
In  the  areas  where  new  work  Is  developing  and  new  people  wish  to  get 
Into  the  activity.  This  is  the  second  sym>#siiai  *  ha  **  tittered  :.r- 
oently.  In  some  of  them,  of  course,  we  do  not  ham.  a*  *  C  -  r 

as  this.  I  think  you  may  be  Interested  In  kneeing  we  have  seven 
hundred  fifty  people  registered  for  this  meeting,  of  whom  about  500  are 
present. 

I  am  sure  you  all  realise  the',  a  jr  *.«  ?crt  go**? 

into  the  preparatxon  of  these  symposiums,  Dar  .  a'  panels 

first  point  out  the  need  for  them.  7*u  paacl*  **e  <j f  great  assistance 
In  helping  to  get  the  right  papers  and  people  to  picsont  them  for  the 
interest  of  all  of  you. 

Incidentally,  our  advisory  panels  are  mads  up  of  Industry 
representatives  who  work  with  us  to  keep  us  Informed  of  the  latest  work 
that  la  going  on  In  Industry.  n»  panels  also  provide  us  with  an 
opportunity  to  tell  the  Industry  representatives  tbs  problems  that  are 
confronting  the  Department  of  Defense.  Thus  me  have  a  two-way  flow  of 
Information  through  our  psnnls.  We  can't  have  everyone  represented, 
of  course,  but  we  do  try  to  get  a  good  cross  section  of  Industry. 

Tbm  staff  of  our  'technical  Advisory  Panel  on  fuels  and 
Lubricants  has  been  responsible  for  organising  this  symposlu*.  They 
have  received  valuable  technical  help  In  planning  the  meeting  and 
selecting  the  papers,  from  representatives  of  the  Services  and  from 
Industry,  especially  from  the  Papers  Review  Ccanlttee . 
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We  ere  very  (led  jnu  could  ccew  today.  We  think  that  the 
exchange  of  information  on  induetry  problems  and  Services  problems  will 
he  of  naitivvl  benefit.  Bowwwr,  to  give  you  a  little  broader  view  of 
the  over- all  work,  ve  have  asked  Mr.  Morphree,  the  special  Assistant 
for  Oulded  Missiles,  to  give  you  a  short  cutline  of  our  over-all  problem. 
At  this  time  X  mould  like  to  introduce  Mr.  Morpfaree  to  you. 

MP.  jg.  V.  Mgggggg,  ASSIgOlHf  TO  TB»  3BCRBEART  Of  IgPCTCT  FflR 
GUJUKD  ME3SflJ3:  1  would  like  to  add  my  welcome  to  of  Bill  ~~~* 
Holaday'a,  arSTto  point  out  to  you  the  t^ortaaoe  of  this  symposium  and 
of  the  weapons  programs  to  which  it  is  directed. 

X  know  many  of  you  are  f— lllar  in  general,  and  maybe  in  con¬ 
siderable  detail,  with  the  guided  Missile  field,  which  is  one  of  the 
primary  eonsipwr*  of  liquid  propellants.  X  think,  however,  X  would 
like  to  touch  again  on  the  Importance  of  guided  aiesiles  and  to  point 
out  what  a  profound  change  they  are  going  to  aaks  and  are  asking  in 
our  weapons  s  yet.  ms,  and  to  do  that  we  night  look  at  sons  of  tbs  missile 
categories. 

If  we  consider  first  the  long-range  surface-to-surface 
missiles  such  as  the  UBM  of  1500  miles  range,  or  the  XCBM  of  550C  or 
so  miles,  these  types  of  weapons  are  bound  in  time  to  replace  the  use 
of  manned  bombers  for  many  long-range  berthing  missions. 

The  reason  for  this  is  that  they  ers  less  vulnerable  to 
enemy  attack  and  destruction  and  so  they  have  *  s*»nce  '•+  getting 

to  the  target  and  delivering  their  warhead  than  is  tr—  zt-zt  oi  .—ruted 
bortbere,  and  this  greater  chance  is  going  to  increase  as  the  eneasy 
defense*  against  manned  planes  are  built  up. 

Also  these  long-range  ewrre.*a»to-wTfen*  missiles  take  less 
manpower  for  given  delivery  eapaMlitv  tlcc.  ru— i-  •  buif i* 
addition  their  investment  J  s  lower,  so  jw  "  ■-  r  r*i  ctrikias  power  per 
dollar. 

Bow,  to  offset  this  to  acne  extent,  ?.  don't  think  in  the 
present  state  of  the  art  that  one  could  say  that  long-range  surface-to- 
surface  missiles  would  be  suitable  weapons  against  concentrated  eeall 
area  hard  targets.  They  are  g”od  weapons  sgslnst  industrial  areas  and 
things  of  that  kind,  or  anti -aircraft  defense  complexes;  but  against 
Individual  hard  targets  thsy  probably  won't  have  tha  accuracy,  at  least 
for  a  considerable  visa,  to  be  the  right  weapon  to  use  against  that 
sort  of  target.  X  thick  "w»  might  picture  that  you  might  use  long-range 
missiles  in.  a  softening -td  and  then  use  manned  bombers  to  go 

after  tha  hard  target*. 

Be.*,  a  second  category  of  guided  missiles  is  the  surface-to- 
air  missiles.  Thess  missiles  are  playing  today  an  important  major  part 
in  our  air  defense  and  their  lsportanc*  will  grow  with  time.  If  there 
are  adequate  matters  of  surface-to-air  missile  installations,  oos  can 
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(Pt  a  very  tight  ItftnM  far  vital  tnu  sat  these  aisellee  arc  vary 
effeetlw.  Those  under  advanced  dewlofsnt  vlll  ba  vary  sffsetlw 
against  all  types  of  planes  and  tha  slower  surfaos  to  ■aui'faoa  and 
alr-to-surface  xloallaa. 

For  thla  purpose  In  tins  thay  vlll  replace  abort -rang*  named 
lataroaptora.  The  trand  la  for  alBallaa  to  go  out  In  range.  One  of 
the  raal  limitations  la  range  of  gnidad  nineties  nov  la  tha  ranga  of 
acquisition  and  target  trading  radar  a.  Aa  tha  raaga  of  thaaa  typaa  of 
radara  la  increased,  tha  ranga  of  alssllea  vlll  aake  a  correapondlng 
giln. 


X  think  va  aaa  look  for  a  ataady  daw 3  opart  la  tha  dlraotlon 
of  graatar  raaga  for  aurfeoe-to-alr  gal  dad  alaallaa.  X  think  at  tha 
asm  tlaa  va  dhonld  raallaa  w  haw  not  solved  air  dofaaaa  problem. 
Praaant  aurfaca-to-alr  alaallaa  vlll  offer  no  defaua*  at  tha  present 
tlaa,  nor  vlll  my  alaalla  In  a  wry  aetlw  phaaa  of  dawlnpaant  offer 
any  dafenae  against  balllatle  alaallaa  or  tha  faatar  typaa  of  alr- 
braathlng  surf aee-'to ■ aarfaoa  or  alr-to  surfaea  alaallaa.  that  baa  to 
ba  another  atep  in  thla  eoontry'a  dawlnpaant. 

A  third  alaaalflaetion  of  alaallaa  la  air-to-air  alaallaa. 

Bm  purpose  of  these  alaallaa  la  to  aaka  aannad  interoeptor  planaa 
■ore  effeetlw.  Slnoe  tha  laat  ear  tha  ape  ad  of  annaad  bcadbera  baa 
been  lnoreaalng  and  there  baa  not  been  a  eorreepoadlng  lnereaae  In  the 
range  of  oor  acquisition  aathoda  —  tbit  radai-e  —  and 

aa  a  remit  of  15di  there  haa  been  a  growing  deci  i-».~»  ?n  tr» 
available  to  sale  tha  Interception,  fha  purpose  of  tbs^c  air-to-air 
■ieeilea  carried  by  plaaaa  la  to  ba  tore  that  la  tha  ihort  via*  avail¬ 
able  for  interception,  that  Interception  vlll  be  effeetlw. 

Mimed  Interceptor*  are  7*robelly  yi.i*',  ♦*.  cur 

veapona  pletore  for  quite  a  long  tine.  They  ran  •  ut  fervor 
gnidad  alsallaa  can,  aad  they  aaa  cover  w  £>  ■*  tn-ar*  are  no 
adequate  oorfaee-to-alr  adL.«il*  defenaea. 

The  ls-et  general  elaa-lflcatloe  of  gnidad  alsitlles  la  the 
air-to-eurfaoe  xdssllss.  These  alsallaa  are  to  be  carried  by  planes 
to  be  delivered  at  a  target  mm  distance  away. 

We  ar«  luUding  np  a  fleet  of  quite  aodern  bombing  planes 
that  are  going  t<  be  with  us  for  quite  a  vhlle,  aad  va  vant  to  ba  sore 
that  these  plane?  are  aa  effeetlw  aa  poaalbla.  In  tine  It  atana 
likely  against  ?trongly-deC  ^<ded  areas  a  aannad  plane  la  going  to  haw 
a  wry  difficult  tlaa  In  getting  through  dne  to  surface- to-air  nlasUe 
defenses  that  vlll  be  built  up.  So  for  the  attack  to  be  effeetlw, 
the  Idea  baa  been  evolved  of  having  these  alr-to-eurfaee  missiles  so 
that  tha  plana  e*n  stand  out  bobs  distance  froa  the  strongly-defended 
area  and  launch  »ds»Uea  against  tha  areas  as  a  target. 
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As  I  mentioned,  the  ale* lie  field  Is  prcfoebly  the  priaery 
field  to  which  liquid  propellants  ere  directed,  end  I  70a  can 

see  tram  what  I  here  said  that  this  area  is  rery  essential  to  oar 
national  defense.  Any  advenoe  is  liquid  propellants  or  fuels  rill 
hare  a  aoet  important  bearing  on  this  country' ■  defense  effeetlrenass. 

Tfc»re  are  other  ailitary  applications  of  rockets  vhich  are 
quite  inportp.Tt  and  various  other  derelnpnants  are  foreseen  in  vhleh 
w*  will  use  rocket  power. 

Frm  this  background  it  seams  to  be  particularly  fitting 
that  this  sysposlm  on  liquid  propellents  be  held  to  giro  a  picture  of 
the  present  state  of  the  art  and  the  direction  of  poeelble  advances. 

Ve  have  been  fortunate  in  having  today  a  rery  repreeentetlve  gathering 
with;  first,  the  Federal  Ooverr  vent  represented  by  several  goremeent 
bureaus  end  the  three  branches  of  the  Armed  Services;  eeoond,  the 
chemical,  petrol eua,  and  processing  industries]  tliird,  designsrs  sad 
developers  of  rosiest  poser  plants;  fourth,  designers  end  developers  of 
complete  nineties  systems;  and  fifth,  active  representatives  of  sea- 
Izard  c  and  other  research  Institution* .  These  groups  are  the  ones  who, 
through  their  collected  efforts,  een  make  real  forward  steps  in  getting 
better  weapon*  through  advances  in  liquid  props  Hants. 

This  symposium  has  been  designed  for  the  purpose  of  giving  a 
picture  of  the  present  state  of  the  art,  aa  I  mentioned  before,  end 
possible  directions  of  future  a It'S#**.  Z  expect  awe*  cross- 

fertilisation  in  the  development  of  new  idea*  *»» 

discussions  that  you  hold  hare  In  the  next  two  days.  I  think  ve  might 
look  at  the  direction  seme  of  these  developments  may  take.  It  seem* 
to  hm  ve  have  two  broad  needs. 

One  la  with  our  present  t/foj  of  "i*-  <?•-*'.  Hants  we  went 

to  know  how  we  een  improve  performance  and  rei'»  iiity  r*  tcrc? 
through  control  of  oo^osltion  and  other  5  yjr  ,  tie*.  Save  of  tbs 
papers  of  this  symposia*  ere  directed  to  that  subject.  Second,  for 
new  liquid  propellants  we  would  like  to  be  Able  to  develop  aich 
superior  properties,  end  this  development  must  involve  a  number  of 
things  which  have  to  be  balanced  in  future  developments.  One  of  the 
things,  of  course,  that  one  desires  most  is  greater  specific  Impulse. 
This,  however,  fast  to  be  coup"  sd  with  ease  of  handling  and  use  and 
ability  to  be  stable  during  long  storage  periods.  Also  we  would  like 
propellents  that  have  less  requirements  for  logistics  support,  and 
they  should,  cf  course,  have  adequate  reliability  and  a  cost  that  le 
net  ex£— *  '.ve  for  their  usa. 

I  don't  went  to  emphasise  the  eoet  too  much.  The  rocket 
f teld  can  atrod  expensive  fuels  if  they  really  give  high  performance, 
and  I  think  you  would  have  to  use  this  cost  in  quite  a  relative  sense. 

With  the  present  types  of  propsllsnts  w  era  using  and  which 
we  will  be  using  for  a  considerable  dlstane#  ahead,  it  1*  quite 
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Important  that  we  know  just  what  types  of  propellants  of  tba  present 
kind  will  give  tba  beet  performance.  I  think  tba  only  way  that  la 
really  going  to  ha  anawered  affectively  la  the  sans  way  that  questions 
on  fnala  for  air-breathing  arrangements  are  answered;  that  la,  you  liava 
to  try  than  out  In  the  uee  for  which  they  are  Intended  and  really  find 
what  compositions  and  typea  give  the  beat  performance  and  what  can  be 
dona  to  improve  that  performance. 

Bov,  looking  at  Improved  liquid  propellanta  of  a  newer  type 
than  thoae  presently  available,  aa  I  mentioned  earlier,  the  thing  we 
probably  want  most  of  all  la  greater  apeclfle  Impulse .  This  baa  the 
advantage  that  It  baa  the  possibility  of  offering  greater  range.  If 
ve  are  not  Interested  In  greater  rauge  we  can  get  greater  pay  load; 
and  finally,  for  the  sane  range  and  same  pay  load  wa  can  gat  greater 
mobility  because  the  missile  will  be  smeller  and  weigh  leas;  so  those 
are  the  advantages  that  high  specific  Impulse  offers. 

I  triad  to  gat  sane  examples  to  make  the  advantages  of 
specific  Impulse  a  little  sore  concrete.  The  figures  I  got  seemed 
to  me  to  be  a  little  too  optimistic  In  added  range;  maybe  they  weren't, 
but  I  prefer  not  to  use  thma.  I  can  assure  you,  however,  that  you  can 
gtt  same  very  reel  advantages  out  of  fuels  of  higher  specific  Impulse, 
provided  they  have  other  desirable  properties. 

We  know,  for  example,  that  fluorine  and  hydrogen,  or 
fluorine -ammonia,  as  well  aa  seme  other  materials,  v“' ;  ?ivr,  crrrifVr- 
ably  higher  specific  impulse.  However,  they  have  other  problem,  one 
of  our  present  propellants  Is  jet  fuel  and  liquid  oxygen,  and  wa  have 
a  lot  of  trouble  handling  liquid  oxygen  and  particularly  its  use  does 
not  look  attractive  in  combat  areas.  Liquid  fluorine  indeed  looks 
less  attractive  from  a  handling  standpoint  than  liquid  nxvnen.  end  so 
it  would  be  desirable  to  have  propellants  £  '**•  inxzlc.  r~r  ?  :x'ic 

impulse  but  don’t  nave  so  many  o+her  prot  ems  ar"  «itii  tk*a. 

That  does  not  swan  that  we  sure  not  inboxes  -ed  in  liquid  fluorine  as 
a  liquid  propellant,  because  we  are.  But  we  would  sOso  be  Interested 
In  easy  ones  to  handle. 

I  should  point  out  that  liquid  propellants  are  getting  n 
lot  of  competition  from  solid  propellants.  Tills  is  particularly  true 
for  the  ehorter-ran^e  missiles,  and  this  trend  Is  extending  as  far  In 
range  as  iewird  the  XRBM,  which  is  a  Bisslls  of  sons  1500  miles  in 
range.  It.  is  unlikely  that  the  trend  will  go  to  as  long  range  aa 
the  ICBK  of  somewhat  over  5000  miles. 

The  reasons  for  this  trend  are  that  solid  propellants  com¬ 
pared  with  liquid  propellants  at  the  present  time  offer;  first,  a 
greater  state  of  x^adlness  as  they  are  ready  to  go  without  much  pre- 
Umlxucy  adjustment  or  check;  second,,  their  motor  is  less  complicated; 
third,  there  are  no  moving  parts;  and  fourth,  they  hare  greater 
reliability  at  the  present  time  and  they  have  no  logistic  problems 
like  handling  liquid  oxygen,  for  example,  under  combat  conditions. 
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Bm  objection  to  solid,  prop* Hants  is  that  they  art  rela¬ 
tively  lav  in  specific  impulse  caxpexed  to  liquid  propellents,  and 
hone*  particularly  for  larger  and  longer  range  Missiles  this  uni 
greater  weight  or  lose  in  mobility.  This  trend  for  solid  propellants 
to  take  over  tbs  liquid  proponents  field  for  eertain  types  of  missiles 
should  be  a  reel  challenge  to  this  symposium. 

For  quite  short-range  Missiles  I  don't  believe  that  liquid 
propellants  as  now  foreseen  can  in  general  ecapete  vith  solid  pro¬ 
ps  Hants.  They  should  be  in  the  running,  however,  for  aeditm-renge 
Missiles.  In  order  for  tbaa  to  iaprcnre  their  position  vs  vill  have  to 
develop  liquid  propellants  that  are  easier  to  handle  than  the  present 
ones  and  at  the  mom  time  vill  be  stable  for  a  long  period. 

This,  to  ae,  is  ths  jr~iarry  job  for  ths  research  and  later 
development  groups.  W*  also  need  greater  Mechanical  reliability  and 
ths  greeter  state  of  readiness  for  liquid  propellant  Motors.  This  is 
a  Job  for  the  liquid  propellant  Motor  people  and  ths  Missiles  systems 
people  In  general.  Vs  also  need  to  take  full  advantage  of  ths  higher 
specific  impulse  that  liquid  propellants  offer  and  this  again  is  a 
JOb,  I  think,  for  ths  rocket  engine  people  and  ths  Missiles  systems 
people. 

I  would  like  to  close  by  saying  that  I  feel  this  symposium 
is  a  very  excellent  Idea.  Through  your  suggestions  at  the  symposia* 
and  the  thoughts  and  information  you  will  take  with  you  from  tbs 
symposium,  I  sm  looking  forward  to  seeing  in  t'-v  vcao  *orth- 

vhll*  new  developments . 

I  aa  glad  to  have  this  opportunity  to  be  with  you.  Thank 
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THE  EFFECT  CT  PROPELLANT  ENERGY  AND  MASS  DISTRIBUTION 

- <5B‘  ^^'PT^msIoiT^ffieiBgf - 

by  Howard  84  Seifert 
The  Raeo -Wooldridge  Corporation 

(See  page*  10  to  26,  Voluae  1,  PPL  212/13) 

PREPARED  DISC 1S8ICW 

None 

(BBttRAL  DISCUSSION 

None 


PAPER 

AN  EVALUATION  CT  UCPID  OgQWB-CfflfP  A  MOnPHES 
AS  ftOCXM?  HffLDJuLJCr  " 

by  J.  P.  Layton,  J.  Glaserwn,  D.  'a.  .*!*. 
Princeton  University 

(See  pages  lM>  tc  187,  this  voluae) 


PREPARED  PIC  IU88I0W 

by  0.  M.  Plats 
Armour  Research  Foundation 

(See  following  page) 
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Discussion  Prepared  by 
0.  M.  Plats 

Amour  Research  Foundation 
Chicago  l6,  Illinois 

on  J.  P.  Layton,  I.  Glassman,  D.  Qarvin  Paper 
AIT  EVAIDATICIT  CF  UOXCD  OZOTTB-OCTanf  KTXTOHKS  AS  R0CK5T  OOdPCOgg 


The  program  Just  described  by  Mr.  Layton  represents  the  first 
bonafidt  attempt  to  "reduce  to  practice"  the  utilisation  of  liquid 
ozone  as  a  rocket  propellant.  This  program  had  been  preceded  by 
several  years  of  research  by: 


(1)  The  Linde  Air  Products  Coopsny  which  studied  the 
physical  properties  and  sensitivity  of  liquid  ozone 

(2)  The  Velsbach  Corporation  which  studied  the  requirements 
for  tonnage  production  of  liquid  ozone 

(3)  The  Air  Reduction  Company  which  studied  both  the  pro¬ 
duction  and  handling  ui  ' 3  o-oee 

(4)  The  Amour  Research  Foundation  vui-i:  :’us  pro¬ 

duction,  stabilisation,  physical  properties ,  and 
handling  of  liquid  ozone 


Despite  this  extensive  r:»s mto  h,  many  areas  of  uncertainty 
still  remain.  These,  coupled  wJ'Ji  lit*  'Jt'  .:<«  reports  neo¬ 

phytes  in  the  field  of  ozone  techno] '-sy  —  •re.  c;d  Tb,*.  .ten**  i’oivestel 
Research  Center  to  lay  out  a  prograa  sul.s  »/OulA  more  clearly  predict 
the  proper  course  of  investigation  at  a  max! mum  of  safety  to  project 
personnel.  JFRC  realised  at  the  very  beginning  that  If  this  material 
could  not  be  hazeled  vitb  a  reasonable  degree  of  safety  in  an  instal¬ 
lation  such  as  theirs,  field  utilisation  was  Impossible.  Therefore 
they  made  every  attempt  to  "play  it  safe"  -  a  policy  vhieh,  from  the 
standpoint  of  personnel  saiety,  has  paid  off. 


The  only  criticism  which  I  can  make  of  their  program  frem  a 
technical  standpoint,  is  tha»  kob  portions  of  their  installation  have 
suffered  from  overdesign  while  other  portions  of  the  equipment  seem  to 
suffer  from  the  converse. 


Mr.  Layton  has  pointed  out  several  areas  where  further 
research  and  development  are  needed  for  more  rapid  progress.  I  agree 
with  him  on  these  points  and  would  like  to  add  one  more  for  future  use. 
gamely,  the  development  of  a  facility  to  be  used  for  the  training  of 
both  military  and  contractor  personnel  should  this  oxldiser  t  acorns 
feasible  at  a  later  date. 
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MR.  LOOTS  RAPP  (Hughe*  Tool  Company ,  Aircraft  Division) : 

I  would  like  to  uk  Pros  Just  one  question.  I  ease  approximately  3000 
■lies  to  attend  this  meeting.  X  would  like  to  have,  If  possible,  Just 
a  little  bit  of  a  hint  as  to  vbether  or  not  any  performance  was  ob¬ 
tained  fro*  this  work.  Did  you  get  95 f,  or  90^,  or  what  percent  of 
theoretical? 

MR.  LAXTOW:  Louis,  frcn  what  w»  know  so  far,  X  have  no 
reason  to  believe  that  ws  will  not  get  what  we  expect  to  get. 


PACTS 

HIDBtXTgT  PKROnng  RttPHJJWW 

by  Andrew  J.  ICubi-  a  4  John  H.  Keefe 
(Presented  by  Mr.  Keefe) 

Bee co  Chemical  Division  of 
Pood  Machinery  4  Chemical  Corporation 

(See  pages  30  to  64,  Volume  1,  Pfh 


PKKPAKKD  DISCOS  SI01T 

by  R.  J.  Thompson 
Rochetdyne 

(See  following  pages,  10-13) 
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Discussion  Prepared  by 
Dr.  R.  J.  Thompson 
Rocketdyne 

Canoga  Park,  California 

on  Andrev  J.  Khblea  and  John  1.  Keefe  Paper 
gTPBOGCT  PEHOXH*  PROEHJJUrTS 


The  author*  are  to  be  coaaended  on  their  very  able  present¬ 
ation  of  recent  research  finding*  on  hc^drogen  peroxide.  Ve  at 
Rocketdyne  certainly  concur  vlth  then  In  their  enthusiasm  for  hydro¬ 
gen  peroxide  a*  an  outstanding  oxidizer  for  n  variety  of  liquid 
propellant  rocket  application*.  We  ahould  like  to  offer  a  fev  con¬ 
sents  frees  the  point  of  riev  of  the  engine  development  agency  In 
order  to  stimulate  further  Interest  and  thinking  on  this  versatile 
oxidant. 


As  the  authors  have  Indicated,  n  i-i;-  put  of  ‘irs  *rarreat 
Interest  In  hydrogen  peroxide  is  for  bipropellant  rocket  application 
In  Banned  aircraft.  Ose  of  peroxide  In  aircraft  goes  bach,  of 
course,  to  the  Canaan  rocket  Interceptor  planes  of  World  War  II 
has  also  been  quite  extensively  er.plo'**"*!  in  Great  Britain.  In  the 
applications  currently  under  La  taken  cf  the 

excellent  ignition  and  coaibustloo  i harvcteri  . ; cs  of  pero.i'c  jiw 
the  aircraft  Jet  engine  fuel,  so  that  i  r.paiate  rocket  fuel  system 
is  required.  The  eutnors  have  discussed  the  thermal  Ignition  system 
based  on  Initial  exothermic  decomposition  of  the  oxidizer  and  post- 
lnjectlon  of  fuel.  This  makes  for  a  highly  reliable  and  quite  simple 
engine  capable  of  repetitive  operation.  Since  full  oxidizer  decom¬ 
position  is  assured  befo.e  fuel  entry,  the  risk  of  explosive  mal¬ 
function  is  minimized,  and  complex,  precisely  timed  sequential 
controls  are  avoided.  At  the  same  time,  mo nop rope' 1 -nt  decomposi¬ 
tion  of  peroxide  provides  clean,  consistent  quality  rblne  drive 
gas  at  a  convenient  temperature  in  a  very  simple  manner.  Another 
obvious  advantage  is  tfco  ease  of  varying  thrust  over  about  a  two  to 
one  range  by  throttling  the  fuel  only.  This  combination  of  oper¬ 
ational  advantages,  together  vlth  generally  satisfactory  physical 
properties  and  a  specific  impulse  at  least  as  good  as  that  of  other 
storable  oxidizers  makes  hydrogen  peroxide  particularly  veil  suited 
to  the  aircraft  superperformance  operation. 
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In  a  Banned  aircraft  application,  considerations  of  safety 
In  storage  and  handling,  as  veil  as  in  the  engine,  are  paramount. 

The  work  done  by  Becco  over  the  past  several  years  has  assisted 
greatly  in  allaying  fears  as  to  the  hazards  involved  in  large-scale 
use  of  hydrogen  peroxide.  Rocketdyne  has  stored,  handled  and  decom¬ 
posed  many  tons  of  high-strength  hydrogen  peroxide  in  the  75-  to  90- 
percent  concentration  range,  both  at  our  Field  Test  laboratory  and 
at  several  government  test  sites.  These  operations  are  nov  quite 
routine.  We  believe  that  hydrogen  peroxide  Bust  always  be  treated 
vith  healthy  respect,  including  use  of  appropriate  materials  and 
properly  designed  equipment,  thorough  training  of  personnel  and 
scrupulous  cleanliness  to  avoid  organic  or  catalytic  contaminants . 
With  these  precautions,  it  is  no  more  hazardous  than  many  chemicals 
ccraonly  employed  in  industry.  Iterturately,  hydrogen  peroxide  can 
always  be  rendered  innocuous  simply  by  di lutlon  vith  water. 

Nov  I  would  like  to  comsent  in  somewhat  more  detail  on 
certain  points  in  Kubica  and  Keefe ' s  paper.  The  authors  present 
the  physical  properties  of  the  various  hydrogen  peroxide  propellants 
at  essentially  ambient  conditions,  vith  extrapolation  of  beat  capa¬ 
city  data  to  higher  temperatures  by  correlation  techniques.  In  order 
to  carry  out  fluid  flow  and  heat  transfer  calculation  under  rocket 
conditions,  the  designer  has  a  real  need  for  accurate  physical 
property  data  at  elevated  temperatures  and  pressures,  up  to  about 
500  T  and  700  or  800  pal.  Dse  of  ♦heoretleal  correlations  to  *rtra- 
polate  from  the  near  ambient  experimental  data  vr.j  *r.  - 

cant  errors.  Properties  of  Interest  Include  density,  viscosity, 
heat  capacity  and  thermal  conductivity.  Hocketdyne  la  nov  measuring 
these  properties.  One  has  to  work  rather  «riLckly  because  of  the 
greatly  accelerated  thermal  decomposition  rat*  at  high  te^eraturea, 
but  it  appears  that  quite  accurate  re(r-lt«  v«,n  be  -Vtr«r*i  up  to  at 
least  400  P. 

Becco ' s  work  on  low-freezing  hydrogen  peroxide  propellants 
is  of  great  interest.  high  freezing  point  of  yO -percent  hydro¬ 
gen  peroxide  is  clearly  a  disadvantage  In  some  applications,  al¬ 
though  its  significance  has  perhaps  been  somewhat  exaggerated  in 
comparison  with  the  many  favorable  characteristics  of  hydrogen 
peroxide.  The  ingenious  device  W  means  of  which  the  heat  of  de¬ 
composition  of  a  small  part  of  the  hydrogen  peroxide  la  used  to  vara 
the  bulk  liquid  should  be  developed  to  the  point  of  practical  appli¬ 
cation.  We  believe  that  insofar  as  possible  the  hydrogen  peroxide 
fre-^ng  problem  should  be  dee.lt  vith  by  the  exercise  of  engineering 
in/.euulty,  of  which  this  device  is  an  example,  in  order  to  retain 
the  advantages  of  highly  purified  90-  to  100-percent  hydrogen 
peroxide  in  stability,  performance  and  extensive  development  experi¬ 
ence.  However,  it  Is  encouraging  to  know  that  such  good  progress  is 
also  being  made  on  the  chemical  additive  approach. 
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The  feasibility  of  regenerative  cooling  with  90 -percent 
hydrogen  peroxide  is  now  thoroughly  established;  regeneratively 
cooled  hydrogen  peroxide -Jet  fuel  engines  are  being  produced  and 
tested  in  a  routine  Banner •  Research  is  under  way  to  establish 
the  limits  of  hydrogen  peroxide  cooling  capabilities,  but  no  prac¬ 
tical  problems  in  this  area  are  foreseen.  However,  as  the  authors 
have  indicated,  further  work  is  required  to  establish,  unambigu¬ 
ously,  the  limits  of  shock  and  confinement  under  which  hydrogen 
peroxides  of  various  concentrations  can  propagate  detonation. 

While  the  authors  are  probably  correct  in  stating  that  the  mechani¬ 
cal  shock  and  adiabatic  compression  sensitivity  are  too  low  to 
constitute  an  operational  hazard,  we  cannot  agree  that  the  complete 
absence  of  hazard  has  yet  been  conclusively  proven.  One  area  of 
ignorance  not  discussed  by  the  authors  is  the  combined  effect  of 
elevated  temperature  and  p re i cure  on  the  explosive  concentration 
limit  of  hydrogen  peroxide  vapor.  Existing  data  are  Inadequate 
for  reliable  extrapolation  of  the  vapor  explosion  limit  to  high 
pressure. 


One  dilemma  in  hydrogen  peroxide  development  has  been 
the  desire  for  both  excellent  storage  stability  and  excellent  cata¬ 
lytic  decomposition  on  demand.  Both  storage  stability  and  catalyst 
behavior  have  been  greatly  1j^) roved  by  the  fine  work  of  the  hydrogen 
peroxide  manufacturers  in  producing  a  product  of  the  highest  purity. 
Stabilizers  are  well  known  which  could  make  90-percent  hydrogen 
peroxide  suitable  for  protracted  storamo  Jo  sealed  vessels  and 
tolerant  of  some  degree  of  accidental  ’innately, 

these  stabilizers  exert  an  adverse  effect  on  catalyst  activity  or 
life,  or  both,  so  that  the  engine  catalyst  pack  must  be  larger  and 
be  renewed  more  often,  both  dlsadvan+sg^s  in  an  aircraft  applicate-. 
One  attractive  solution  to  this  dilemaa  is  the  use  of  ther^l  rather 
than  catalytic  decomposition;  pe-r«r-«  *  l*h  r.  la'l  catalytic  "pilot" 
flaw,  as  suggested  by  the  authors.  As  uoa-v.  tretJ-i*;  L.iO . '>**'  i'ere 
90  percent  toward  100  percent,  the  i.rcj  release  makes 

thermal  decomposition  more  attractive.  However,  major  design  effort 
will  be  required  to  attain  a  rate -of -throughput  with  a  thermal  de¬ 
composer  equal  to  that  now  attained  in  the  catalytic  decomposer. 

This  research  and  development  effort  is  being  initiated  at  Rocketdyne 

Finally,  the  authors  have  touched  on  the  performance  ad¬ 
vantage  of  100-percent  hydrogen  peroxide,  the  increased  specific 
impulse  is  particularly  important  for  higher  performance  of  large 
ballistic  missiles.  The  100-percent  hydrogen  peroxide  also  exhibits 
better  storage  stability  and,  as  mentioned  above,  may  be  suitable 
for  thermal  decomposition  with  little  or  no  catalyst.  Rocketdyne  is 
very  enthusiastic  about  the  potential  of  this  material.  Further 
testing  is  required  to  establish  how  much,  if  any,  increase  in  de¬ 
tonation  hazard  occurs  as  the  100-percent  concentration  is  approached 
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It  should.  b«  noted  that  the  Improvement  in  specific  impulse  vith 
concentration  of  hydrogen  peroxide  in  the  90-  to  100-percent  range 
is  nonlinear;  for  example,  an  increase  in  concentration  to  95  per¬ 
cent,  which  should  not  appreciably  increase  operational  hatard, 
yields  70  percent  of  the  available  Impulse  gain,  and  each  percent 
of  water  removed  thereafter  yields  relatively  less  performance  in¬ 
crease.  It  is  expected  that  95-  to  100-percent  hydrogen  peroxide 
will  be  under  active  research  testing  in  gas  generators  and  bi- 
propellant  thrust  chambers  at  Rocketdyne  within  the  next  few  months. 
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arrti-catalyet  effect  by  the  stabilizer  can  thus  be  ^derated.  However, 
the  standard  silver  screen  catalyst  which  Is  being  used  with  90 f  per¬ 
oxide  for  Ravy  applications  will  tolerate  almost  any  inorganic  impurity 
in  teraw  of  both  fast  starting  —  that  is,  getting  up  to  fall  pressure 
in  a  fraction  of  a  second  —  and  in  catalyst  life. 

m.  KEEPS:  There  has  been  quite  a  bit  of  work  done  on  stabil¬ 
isers  for  hydrogen  peroxide  by  the  Naval  Underwater  Ordnance  Station 
and  by  Massachusetts  Institute  of  Technology.  Cc— eroial  hydrogen 
peroxide  solutions  up  to  50  weight  percent  are  quite  heavily  stabilised. 
The  90f>  Material  sold  today  is  stabilised  to  a  slight  extent  —  that  is, 
it  contains  about  two  Milligrams  of  tin  per  liter.  This  is  added  as  a 
conditioner  or  stabiliser. 

Any  Material  that  will  renin  behind  in  a  catalyst  bed  will 
eventually  cause  plugging.  We  think  that  the  sulphate  at  3*25  parts 
per  Million  acts  ■  imply  as  a  Mechanical  plugging  agent.  A  high  tin 
content  Might  not  poison  the  catalyst  but  Might  plug  the  bed.  If  yen 
are  interested  in  long  catalyst  Ilfs,  you  have  to  keup  the  stabiliser 
content  low.  If  you  are  Interested  in  one-shot  applications  such  as 
torpedoes,  stabilisers  certainly  can  be  used.  The  torpedo  is  not 
_  •Lied  up  tight  during  storage  on  the  submarine  or  destroyer.  There 
is  a  vent  valve  which  is  closed  prior  to  firing. 

W.  C.  WOBOGERAJH  (Lockheed  Aircraft  Corporation) :  Is  there 
any  test  evidence  available  about  regenerate *e  •  .w.jliu.*  100< 

hydrogen  peroxide? 

MR.  EgHPE;  I  know  of  no  actual  tests  where  lOOf  RgOg  be* 
been  used  for  regenerative  cooling.  I  don't  believe  it  has  been  tried 
as  yet. 

MR.  BOSEHTmL:  Inasmuch  as  the  Armed  y*.- '  ,-c  v*nr«- 
sented,  I  wonder  if  any  of  them  havt  any  ecteseuta  ufc  the  pros  and 
cons  of  using  hydrogen  peroxide  as  a  propellant  in  service  applications . 

W.  R.  FISH  (Naval  Ordnance  Test  Station)  i  I  a  our  work  on  the 
LAR  ve  have  considered  it  absolutely  necessary  to  seal  the  rocket  com¬ 
pletely.  This  and  the  requirv-mt  for  Meeting  a  -69*  freezing  point 
have  eliminated  the  use  of  peroxide. 

I  wonder  if  Mr.  Keefe  is  aware  of  the  work  done  earlier  at 
HOTS  on  solutions  of  ammonium  nitrate  and  water  in  peroxids  that  did 
actually  nr  cur  freezing  point  requirement  but  did  not  Meet  the 
stability  requirement. 

This  leaves  for  us  —  and  I  will  discuss  this  nor*  tomorrow 
afternoon  —  only  red  acid  as  a  possible  oxidizer,  because  this  mater¬ 
ial  car  be  sealed  up  and  stowed  in  the  rocket  for  loog  periods  of  tine. 
One  of  a.tr  object#  is  to  load  the  rocket  at  the  tlms  of  asseedtly,  stow 
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the  rochet  sealed  up  for  periods  as  long  as  five  years,  and  this  Is 
the  basis  for  our  objection  or  our  Inability  to  use  peroxide. 

Ml.  KEEPS:  Yes,  ue  are  aware  of  the  work  that  SOTS  did 
earlier.  We  have  your  reports  and  have  found  the*  very  valuable. 

We  have  worked  with  aanonlus  nitrate/hydrogen  peroxide /water 
solution  having  a  -65 *T  freezing  point.  However,  this  has  a  relatively 
low  iapulae  with  JP-4  of  about  190  seconds  at  20  to  1  expansion  ratio. 
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Discussion  Prepared  by 
W.  P.  Knight 

Aerojet-General  Corporation 
Azusa,  California 

cm  E.  A.  Mickle,  K.  Berman,  and  E.  S.  C.  Cants  Paper 

PERFORMANCE  OF  FERCiFCRYL  FLUORIDE 


I.  INTRCOTJCTICM 

A.  In  the  short  poriod  of  tins  since  perchloryl  fluoride  has  be¬ 

come  avail able  in  at  least  research  quantities,  interest  in  this  new 
oxidizer  for  potential  use  in  rockets  has  oscillated  considerably.  It  is 
only  natural  that  extreme  interest  should  be  exhibited  in  a  material  with 
as  high  an  oxidizing  potential  and  yet  as  tractable  as  perchloryl  fluoride. 
It  is  believed  that  the  lessening  of  interest  in  this  compound  is  caused 
by  the  same  characteristic  that  has  prevented  the  •creed  nx»  r.f 
Unu-M  rocket  engines;  that  ia,  the  high  vapor  \,Lc-. 

its  attendant  requirements  for  high  pressure  systems  with  subsequent 
weight  penalties. 

B.  The  first  use  of  perchloryl  fluoride  as  an  oxidizer  for  rocket 

engines  was  made  at  the  Naval  Air  Rocket  Hi  s':  t' ...  '  ~->  1  A  ?). 

Here  it  was  shown,  not  in  laboratory  testa  but  ir  -•  ck.-'  ntvej-o,  to  dw 
a  material  of  relatively  easy  handling  character  .ics,  lea  corrosivity, 
and  smooth  combustion  properties.  The  toxicity,  as  reported  by  the  Penn¬ 
sylvania  Salt  Manufacturing  Co.,  is  low. 

C.  Other  than  the  tests  at  PARTS,  there  has  been  a  lack  of  informa¬ 
tion  concerning  the  use  of  perchloryl  fluoride  in  rocket  hardware.  The 
information  presented  by  the  General  Electric  Co.  therefore  is  of  extreme 
interest  and  the  data  concerning  the  high  combustion  efficiency  is 
welcomed. 

II.  ..‘ORMAN CE  CALCULATIONS 

A.  As  soon  as  the  value  for  the  heat  of  formation  of  perchloryl 
fluoride  hed  been  established,  the  Aerojet-General  Corporation  also  calcu¬ 
lated  the  theoretical  specific  impulse  for  unarm.-di mt thvlhrdrazine  with 
perchloryl  fluoride.  These  calculations  were  performed  for  s  chamber 
pressure  of  300  psia,  an  exhaust  pressure  of  one  atmosphere,  and  under 
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conditions  of  s’ lifting  equilibrium.  Ths  results  indicated  an  optimum 
mixture  ratio  cf  2.55  whici'  yielded  an  I  of  256  lb-aeo/lb.  These 
values  agree  very  closely  with  the  data  reported  by  General  Electric. 

B.  Aerojet  has  also  calculated  the  performance  of  ethyldeeaborane 
with  perchloryl  fluoride  under  the  same  conditions  as  for  the  calcula¬ 
tions  above.  Table  I  was  prepared  to  illustrate  the  theoretical  per¬ 
formance  of  perchloryl  fluoride  with  a  hydrocarbon  fuel,  a  hydrazine  fuel 
and  a  boron— containing  fuel.  Performance  values,  where  available,  are 
also  included  for  these  fuels  with  two  other  oxidizers,  fuming  nitric 
acid  and  liquid  oxygon  in  order  to  indicate  qualitatively  the  position  of 
perchloryl  fluoride  in  the  performance  spectrum. 

III.  EXTERIMECTAL  WORK  AT  AEROJET 

A.  INTRODUCTION 

Because  no  quantitative  data  were  available  on  the  ignition 
delay  of  perchloryl  fluoride  with  various  fuels,  a  program  to  investigate 
the  ignition  characteristics  was  initiated  at  the  Aerojet-General  Corpora¬ 
tion  under  one  phase  of  a  contract  from  the  Office  of  Naval  Research. 

This  investigation  included  cup  tests,  ths  determination  of  the'  ignition 
delay  of  unsvm.-dims  thylhvdrazine  with  perchloryl  fluoride  and  some  pre¬ 
liminary  ignition  characteristics  of  monomethylhydrazine,  and  mixtures 
of  40  wt#  unaym. -dime thy lhydrazire  and  60  wt"£  T^-4  with  perchloryl 
fluoride. 

B.  CUP  TESTS 

Two  cup  tests  w ere  made  with  the  standard  cup-test  apparatus. 

Tor  the  first  test,  6  ml  of  pert  .lbry'1  fluoride,  *♦  was  added  to 

6  ml  of  unsym.-dlmethylhydrazine.  Wrr  ,-aoonu  .  <r,t,  j  s'.  :f  •uirebi/u'y? 
fluoride,  at  -47*C,  waa  added  to  3  ml  of  ynr  ^ _*s iuy t nyaraains .  After 

a  barely  perceptible  del*;,  detonationn  occurred  in  both  cases, 

C.  IGNITION  DELAY  APPARATUS 

The  ignition  delay  '•eats  were  conducted  with  the  Aerojet 
"elbow"  motor.  The  apparatus  consists  of  a  1-1/4- in.  aluminum  bulkhead 
elbow  tapped  for  a  replaceable  impinging  injector.  A  sonic  nozzle  is 
threaded  into  the  chamber  formed  by  the  elbow,  and  a  tap  for  measuring 
the  pressure  produced  by  combustion  is  provided.  The  pressures  produoed 
between  ths  propellant  valve  end  Injector  orifices  are  recorded  on  a 
•Multichannel  oscillograph.  The  ignition  delay  is  measured  from  the  start 
of  the  rise  of  the  injection  pressure  to  the  start  of  the  rise  of  the 
chamber  preenure.  To  avoid  pressure  surge*  from,  excessively  long  delays, 
end  the  euh*e<rw»nt  propellant  accumulation,  a  control  unit  is  placed  in 
the  circuit  between  the  firing  switch  and  ths  propellant  valve.  This 
um.t  will  close  the  propeller t  valve  ard  terminate  the  test  if  a  chamber 
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pressure  of  153  pal  is  not  reached  within  a  pre-set  tins  after  propellant 
injection.  This  tins  is  normally  sst  bstwsan  100  and  150  millisec.  A 
second  circuit  limits  the  duration  of  combustion,  generally  500  milliaec, 
but  adjustable  to  4  sec.  In  addition,  a  safety  diaphragm,  designed  to 
burst  at  600  psig,  was  installed  in  the  upper  portion  of  the  chamber  to 
protect  it  against  damage  should  extreme  pressure  surges  occur. 

D.  IGNITICW  DSUY  0?  UNgYM.-DIHETHYIlfYDRAZIHE  WITH  PERCHLORYL 

rujoRC* 

1.  A  series  of  calibration  runs  were  made,  using  red  fusing 
nitric  acid  (19*  HO.)  and  unarm.-dins thrlhrdrazins .  in  jrder  to  obtain  a 
basis  of  ooaparison  ror  the  proposed  runs  using  perchloryl  fluoride  as  the 
oxidizer.  The  average  ignition  delay  of  the  uns ra. -dies thy lhydraz las  and 
red  fusing  nitric  acid  system  was  3  to  5  milliaec. 

2.  Eight  tests  were  carried  out  with  the  elbow  motor  using 
unaym.Mlme  thylhydrazine  and  perchloryl  fluoride,  utilising  a  slight 
oxidizer  lead.  In  all  eight  of  the  teats,  the  unsyi.-dlme thylhydrazine 
and  perchloryl  fluoride  combination  caused  an  explosion  upon  ignition, 
rupturing  the  safety  diaphragm.  The  oscillograph  tracings  showed  that 
the  ignition  delay  ranged  froe  18  to  23  milliaec  after  the  unarm. -dl- 
me thylhydrazine  entered  the  eombustion  chamber. 

3.  In  an  effort  to  avoid  explosions  and  to  obtain  amooth 
combustion  of  the  unarm. -dime thy lhydrasine  end  yis^C^x  .'morids  a  t.'», 
a  splash  plate  waa  inserted  in  the  combustion  chamber  o t  Umc  cllw 

Just  beyond  the  point  where  the  fuel  and  oxidizer  streams  intersect.  A 
series  of  seven  teac  runs,  made  at  several  different  mixture  ratios,  re¬ 
sulted  in  seven  explosions  when  using  the  elbow  motor  equipped  with 
splash  plate. 

4.  The  oxidizer  lead  waa  eliminated,  The  •  w»;-» 

injected  simultaneously,  hut  this  change  still  m.;„  tn  mi  explosive 
start.  Use  of  a  fuel  lead  also  resulted  is  zn  explosion. 

E.  H0NQM2THYLHTDRAZIM5  WITH  RUCHLORYL  FUiOnilG 

Eire  teat  runs  were  made  using  aonome thylhydrazine  and  perchloryl 
fluoride.  Previously,  the  Neval  Air  R  jket  Test  Station  reported  that 
this  system  ignited  and  burned  smoothly  in  a  micro-motor.  However,  each 
of  the  test  runs  in  the  AeroJ.'t-General  elbow  motor  resulted  in  explosive 
ignitj  or..  No  ignition-delay  '^asu  re  manta  were  mads  during  these  runs, 

P.  40*  UNSYM .  -DDCTKY L1  •YDRA2  HfE  -  60*  JIM  WITH  IERCHLORYL  FLUORITE 

Four  runs  v»r»  mod*  with  the  elbow  motor,  using  a  mixture  of  40 
vt*  unarm. -dime thrlhydrazin*  -  60  wt*  JIM  and  perchloryl  fluoride  in 
order  to  determine  whether  this  system  would  ignite  smoothly.  These  runs 
were  made  using  four  different  oxidizer-fuel  mixture  ratios  that  ranged 
from  2  to  4.  boring  each  run,  an  explosion  accompanied  the  ignition.  The 
ignition  delay  waa  not  determined. 
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G.  OBSERVATIONS  ON  THE  CORROSIVE  QUALITIES  OP  THE  EXHAUST  PRODUCTS 

AND  OF  reRCHLORYL  FLUORIDE 

1.  Observation*  of  the  equipment  used  in  these  testa  indicate 
that  severe  corrosion  resulted  wherever  the  combustion  products  of  the 
fuel  and  perchloryl  fluoride  came  into  contact  with  the  metal  apparatus* 
Both  the  stainless  steel  and  aluminum  were  rapidly  attacked,  even  though 
the  entire  assembly  was  thoroughly  washed  with  water  and  dried  immediate¬ 
ly  following  each  teat.  Although  soma  corrosion  was  to  be  expected  be¬ 
cause  of  the  hydrochloric  acid  and  hydrofluoric  acid  formed  during  the 
combustion  process,  the  actual  corrosion  was  greater  than  was  expected* 

2*  When  contained  in  stainless  steel  or  aluminum,  the  per» 
chloryl  fluoride  itself  presented  no  particular  corrosion  problem.  When 
portions  of  the  system  were  "bled"  to  the  atmosphere,  corrosion  of  alu¬ 
minum  occurred  as  a  result  of  contact  of  the  perchloryl  fluoride  with 
moist  eir. 

IV.  CONCLUSIONS 

A.  Tha  hard-starting  characteristics  of  perchloryl  fluoride  with 
hydrazine  compounds  under  conditions  of  hypergolic  ignition  is  definite¬ 
ly  a  hindrance  to  the  use  of  the  material.  The  cause  of  this  phenomenon 
is  believed  to  be  the  formation  of  an  explosive  intermediate  compound* 

The  Pennsylvania  Salt  Manufacturing  Company  has  reported  that  reaotion 
between  perchloryl  fluoride  and  certain  citrogen-oontainlng  compounds 
such  as  ammonia  and  amines  resul -j»  in  t hr  'r  e*>  '.vmlosive 

solid.  Tha  compound  C10-NK.NH  has  bean  iaoitj'-i  anh  f 1  so  be  os- 
ploeive.  The  Pennsylvania  Salt ^Manufacturing  Co.  ie  pursuing  the  study 
of  these  reactions  in  the  hope  that  aos*  means  of  preventing  the  forma¬ 
tion  or  destroying  the  intermediate  as  it  is  formed  may  accomplished. 
As  demonstrated  at  both  tha  Naval  Air  Rocket  Test  Sts. cion  and  General 
Electric  Co.,  with  a  slug  stent  or-  '•h-A-':  "Viv.'s  the  fy.ftlon  «v- 
be  accomplished  satisfactorily  and  iw.n*  ioabustion  is  smooth* 

B.  An  additional  property  of  perchloryl  fluoride  which  requires 
investigation,  is  that  of  hevt  transfer.  For  many  applications  the 
oxidizer  must  be  used  to  regeneratively  cool  the  thrust  chamber,  and  no 
work  has  yet  been  reported  on  the  feasibility  of  accomplishing  this  with 
perchloryl  fluoride, 

C.  As  stated  by  General  Electric,  the  applications  for  perchloryl 
fluoride  would  appear  to  be  limited  to  those  permitting  a  pressurized 
system.  Where  the  need  for  a  storageable  oxidizer  of  moderately  high 
performance  arises,  perchloryl  fluoride  can  certainly  be  considered* 
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TABUS  I 

COMPARATIVE  PERFORMANCE  OF  SOWS  SELECTED  FUELS  AND  OXIDIZERS 

P  n  300  pa la,  shifting  squill brlua 
0 


Propellants 

Mixture  Ratio 
( Optima) 

sp 

(lb-sec/lb) 

UDMH  -  LOX 

3.4 

269 

UDMH  -  CIO^F 

2.6 

256 

UDMH  -  RFNA  (145*  N02) 

2.7 

239 

Ethyldeoaborane  -  CIO^T 

4.4 

245 

Ethyldeceborane  -  RFNA  (14^  SC2)  3.2 

JIM  -  LOX 

2.3 

262 

JIM  -  ClOjF  * 

249 

JIM  -  RFNA 

*  • 

230 

» 

Calculated  by  General  Electric  Co. 
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(roam  nracroaion 

0.  J«  BF3DW  (lw»l  Ordnance  laboratory)!  Provided  a 
commercial  method  for  the  product  lob  of  nitrogen  trifluoride  can  be 
developed,  do  you  knew  of  any  raaaon  that  perohloryl  fluorids  should 
ba  given  further  consideration! 

SR.  flAWB !  I  hate  only  reoently  considered  nitrogen  tri- 
fluoride.  Tram  tide  cursory  examination,  I  would  say  that  it  would 
probably  be  competitive . 

SR.  ECBOOgBiABh  I  hare  a  question  for  either  Ed  or  Bill.  I 
haws  heard  that  the  change  In  density  of  this  material  as  a  function  of 
temperature  is  extremely  wild  and  ‘■fcat  its  use  as  a  storable  oxldlser 
therefore  is  somewhat  limited.  A?  T  understood  it,  the  ullage  re¬ 
quired  for  the  nonaal  temperature  range  specification  would  be  about 
30jt.  I  wae  wondering  if  my  information  is  correct,  and  if  it  is.  What 
are  we  going  to  do  about  itt 

SR.  QAITIZt  It  is  true  that  the  temperature  wariatlon  of 
density  is  rather  wide .  I  don't  remsaibar  the  exact  figures  on  what  the 
ullage  would  be.  However,  in  a  pressurised  system  you  do  minimize  this 
density  variation. 

JOHTf  F.  QALL  (Pennsylvania  Salt  Mmacfiv*  tuning  Company) » 

Hie  density  of  perohloryl  fluoride  does  change  r **  ,  L.  y  t*T'‘v  !  :tvra 
above  about  room  temperature.  Hals  is  because  we  are  not  ttu-  iron  its 
critical  temperature  of  95*C.  Every  liquid,  as  it  approaches  lie 
critical  temperature,  has  to  undergo  a  charwre  of  density  so  that  its 
density  can  become  equal  to  that  of  the  v_por  at  the  critical  tempera¬ 
ture.  The  density  at  25*C  is  Shout  l.to  •'•vi  '-bo  a--- *t  50 *C  drops 
to  1.29.  Conversely,  we  gain  a  great  dee'  >y  low*.  . -v»  tLe  *tu/ .> 

and  with  mild  refrigeration  we  can  go  down  M  ,w  jelling  point  where 
the  density  has  risen  to  l.*9.  If  ws  wanted  vo,  ws  could  go  all  the 
way  down  to  the  melting  point,  which  is  -1  >*6*C,  with  a  density  of  2.0. 

A  matber  of  people  have  considered  the  advantage*  of  using  chilled 
perchloryl  fluoride. 

Another  effect  of  being  close  to  tbs  critical  temperature  is 
that  the  compressibility  of  a  liquid  becomes  great.  Again,  ae  a  liquid 
reaches  its  critical  temperature,  its  casQxresslbllity  hsn  to  become 
equal  to  that  of  its  vapor,  which  is  very  high.  Tb  calculate  the 
alljevble  ullage  for  a  given  maxima  temperature  requirement,  we  can 
in  w^.8  case  permit  the  container  to  became  liquid  full.  That  is  not 
ordinarily  considered  because,  normally,  when  the  container  has  became 
filled  with  liquid  and  the  temperature  rises  any  more,  w*  •vpeet  as 
extreme  rise  in  pressure.  This  does  not  occur  when  we  are  close  to  the 
critical  temperature,  which  we  are  when  we  consider  current  upper 
temperature  li>ute  as  high  ss  2 X)*P.  That's  shout  all  I  can  say  on 
ullage. 
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On  the  explosion  phenomena  observed  by  Aerojet,  ve  ere  not 
sure  that  it  is  caused  by  this  intermediate  compound.  Ve  are  sure  that 
it  is  not  caused  by  any  explosive  character  of  perchloryl  fluoride. 

The  compound  has  a  negative  heat  of  formation.  In  the  Levis  and 
Randolph  sense,  which  means  that  heat  is  evolved  when  it  is  formed  so 
that  heat  has  to  be  absorbed  by  its  decomposition.  Furthermore,  tests 
ranging  from  the  ordinary  drop  tests  and  Impact  testa  to  the  most 
severe  that  we  can  provide  —  we  have  been  using  the  perforation  of 
the  container  by  shaped  charges  which  provide  high  Impact  and  very  high 
temperature  at  the  same  time  —  show  no  explosive  properties  whatsoever. 

Then  one  more  statement,  Bill  Knight  or  Dr.  Gants,  referred 
to  the  compound  as  being  available  in  research  quantities.  It  Is 
available  in  more  than  that  when  needed.  The  process  for  making  It  Is 
now  well  worked  out,  which  is  fairly  rapid  progress  since  the  compound 
was  Just  discovered  in  1952.  Ve  can  immediately  supply  small  er  quan¬ 
tities  for  testing  purposes,  and  ;a*  are  ready  to  make  any  quantities 
that  you  need. 

JOHAltH  0.  TggjnangL  (Army  Ballistic  Missile  Agency) :  I'd 
like  to  know  the  critical  pressure. 

DR.  GAIL:  53  atmospheres. 
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JOCTT  5A TTSL  (Rev  York  University) :  In  connection  with 
Dr.  OrosaeTs  remarks  on  acetylene  conrpc  mds ,  I  thought  some  work  we 
did  four  years  ago  at  NYU  under  the  sponsorship  of  ORR  might  be  of 
interest.  We  made  about  40  acetylenic  compounds  to  test  in  bipropell¬ 
ant  rocket  systems.  Among  them  was  monoacetylendinitrile .  It  was 
made  by  a  c explicated  synthesis  and  cost  us  about  $200  per  pound. 

What  is  interesting,  though,  is  that  it  showed  a  very  high  specific 
impulse,  higher  than  any  other  acetylenic  compound;  244  sec  with  RFTIA 
at  300  psia  chamber  pressure  and  frozen  equilibrium.  Ms  compared 
with  a  value  of  241  sec  for  acetylene,  the  compound  with  the  next 
highest  specific  impulse. 

We  thought,  in  view  of  the  :  elativeiy  high  melting  point  of 
this  material,  69 *P,  mixing  it  with  moconitrile  might  result  in  a  more 
useful  fuel,  if  a  synthesis  method  could  be  found  that  would  get  the 
price  down,  of  coarse. 

ERNST  A.  gmneagp  (HoUocmn  Air  force  Base) r  I'd  like  to 
ask  Dr.  Grosse  whether  anything  is  known  about  the  boiling  point  of 
0^2  an&>  secondly,  whether  he  thinks  that  there  are  compounds  of 
higher  complexity  beyond  possible? 

ER.  0R0SSE:  We  do  not  know  exactly  the  boiling  point  of 
O3P2  «xcept  tlhiat  it  begins  to  decompose  at  -  .-Wv  nr..1,  r.x  -.y^n; 

that  is,  at  this  stage  of  the  art,  because  the  coRpounJ** 
not  as  pure  as  they  should  be. 

MR.  dTOIHHoFF :  Do  you  think  that  there  are  possibly  comrrundo 
of  higher  complexity  —  beyond  O3F2? 

DR.  GROSSF:  Yes,  the  Japanese  report  ner>--.  ^  tufc-jinatioa 
of  that  nature. 

LOREN  BOLLINGER  (Ohio  State  University) :  On  the  hydrogen 
fluorine  premixed  flames  vs  there  any  attempt  made  to  purify  the 
fluorine;  from  what  company  did  you  obtain  the  fluorine;  and  was 
there  any  investigation  mads  of  the  material  used  in  your  burner  tubes 
and  connecting  lines? 


DR.  GR063S:  I  world  not  like  to  answer  that  in  Just  a  few 
minutes,  Dr.  Bollinger,  as  I  do  have  slides  and  other  material  and 
v.j'u.d  be  'lad  to  discuss  tt-us  with  you,  because  I  think  time  is  short. 
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27  MARCH  1957 

Mrmmxm  session 

CHAIRMAN:  W.  D.  L.  ARMSTRONG 


HR.  AHMSTROUQ:  Ocm  of  the  areas  that  certainly  deserves  as 
much  attention  as  can  tea  given  to  it  is  that  of  the  toxic  hazards  of 
propellants  that  ve  are  working  with  at  this  time.  All  too  often  this 
has  became  a  secondary  consideration  and  the  result  has  been  that  many 
people  have  been  Injured  through  exposure  bo  toade  fumes,  and  In  same 
cases  received  permanent  damage  to  their  internal  organs,  while  a 
little  attention  to  this  detail  might  have  resulted  in  taking  more  ade¬ 
quate  precautions. 
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CT.  mmcmt  Would  you  cere  to  yarn— end  a  frequency  for 
cllnieal  examinations  For  persons  xposed  to  nonml  rocket  testing 
procedures? 

W.  JggQMOg:  I  don't  feel  able  to  answer  that  question, 
there  are  so  many  variables  involved;  the  particular  fuels  that  you  are 
dealing  with,  the  adequacy  of  the  safety  precautions  that  yen  have,  the 
experience  you  have  had  In  the  past,  the  personal  preferences  (which 
are,  of  course,  based  on  personal  experience)  of  the  physician  In 
charge,  etc. 

WTTl.TAM  0.  8CTPIK  CWtrstraoo-Cblor  Alkali  Division.  Food 

&  Chesrical  Corporwti<o71  ^"occurred  to  ae  that  it  might  be 
of  Interest  to  bring  out  Manufacturing  experience  vlth  sons  of  these 
rhenlnsls  Weetwaeo  has  nov  been  aanufae taring  Pinaslne -brand  ttnsym- 
dlmethylhydraxine  for  several  years.  Vs  bars  bad  a  very  excellent 
safety  record  with  the  aaterlal  vlth  no  oases  of  acute  poleonlng  and  no 
evidence  of  chronic  poisoning. 

Our  aedlcal  surveillance  program  Includes  a  complete  physical 
exsainetlon  before  a  nan  starts  to  work  on  this  operation  and  those  vbo 
show  evidences  of  anaerta  or  liver  disease  are  not  put  to  work.  At 
intervals  of  six  seeks  haeoglobln  and  shite  blond  sell  count  are  wade. 

The  basic  safety  precaution s  we  give  our  wen  xacluik  wu-iag 
a  respirator  with  an  amnonls  canister  If  they  otun  smell  the  aaterlal 
Shan  they  are  working  with  It.  The  other  one  le  the  use  of  splash- 
proof  goggles  and  vinyl-coated  gloves. 


In  oase  of  danger  of  gross  spies! %.•*,  s— = 
garments  should  b*  worn.  They  can  then  he  reVA"  1  <  >t  isuaisrad  if  and 
when  a  splash  does  occur. 

MR.  B08C0B  IPWT  (Air  Mitorlel  Someand)  i  I  shuddered  a  little 
bit  this  morning  ehen  the  good  doctor  eaDT^Tou  J’lSt  duap  it  down  the 
drain,"  because  I  am  the  man  on  the  other  end  of  the  drain  who  get?  it. 
We  have  the  disposal  problems  for  this  aaterlal  shen  you  boys  are  done 
playing  vlth  It. 

I  can't  give  you  the  exact  figures;  however,  I  vlU  give  yt» 
a  figure  that  Is  closer  to  the  actual  figure  then  you  would  think. 

There  -Ul  be  approximately  100,000  gallons  of  Typo  mA  red  fusing 
add  to  dispose  of  every  week.  This  RTflA  le  eyel*d  In  the  missiles 
periodically  and  shen  It  goes  out  of  speclfieati .on  It  must  be  disposed 
of  or  destroyed.  That  Is  a  lot  of.  aaterlal  sad  it  can't  be  disposed  of 
by  any  ccamon  ordinary  method,  for  example,  this  RPItt  has  a  specific 
gravity  of  approximately  1.5  and  weighs  IP  to  12-1/2  pounds  per  gallon. 
Around  seven  or  eight  gallons  of  this  material  after  It  Is  neutralised 
is  all  that  a  million  gallons  of  water  can  absorb  and  still  stay  within 
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■oat  of  the  State  lows  for  nitrate  in  potable  water  —  vhlch  are 
around  ton  parts  per  million  aucTaa.  Whan  we  hare  a  large  amount  of 
RFTIA  easing  In  every  day  —  a  ay  100,000  gallons  a  week  —  that  la  a  lot 
of  atandard  sized  tank  cars  of  acid.  It  would  taka  a  lot  of  vatar  to 
dilute  that  ouch  nitric  aeld.  Before  thla  material  can  be  neutralised 
or  diluted  the  nitrogen  dioxide  mat  be  taken  eare  of,  usually  by  aane 
oxidation  process.  We  have  tried  burning  thla  E0g.  ^be  last  documented 
coat  figures  that  I  bare  on  an  experimental  method  of  burning  these  H0g 
fames  are  between  $1.00  and  $1.50  for  a  gallon  of  aeld  neutralised. 

(This  includes  the  cost  of  tbs  neutralising  chemicals).  When  a  large 
amount  of  HFNA  is  to  be  disposed  of  every  week,  even  $1.00  a  gallon 
runs  into  a  lot  of  money. 

We  can  oxidise  this  W0g  Into  nitric  aeld,  using  for  instance, 
waste  hydrogen  peroxide.  We  could  use  soma  dlchroaate  salt  such  as 
sodium  or  potass  Its  dlchroaate.  After  the  WOg  has  been  converted  to 
nitric  acid  the  neutralisation  problem  still  r mil ns  as  does  the  prob¬ 
lem  of  vfaat  to  do  with  the  nitrates  and  fluorides.  We  can't  pond  or 
lagoon  this  waste  due  to  the  hazard  to  underground  water  supplies,  and 
we  can't  dispose  of  it  in  streams.  There  Is  a  possibility  of  desert 
disposal  or  In  pumping  the  neutralized,  clarified  waste  to  underground 
toiumiiufM  through  disposal  wells.  I  don't  have  any  quick  solution 
for  this  problem.  I  may  be  a  little  out  of  order  In  bringing  up  the 
Industrial  hygiene  b \zard  connected  with  the  disposal  of  rocket  pro¬ 
pellants  and  oxidizers,  but  the  men  at  waste  disposal  plants  will  get 
this  material  to  dispose  of  —  it  will  ccme  In  unidentified  —  the 
Industrial  waste  plant  workers  will  have  to  f<wd  out  what  the  material 
is,  and  then  will  have  to  decide  what  method  •>  ».'•*«»-  $•  :,c.sal  to 

use.  These  material «  are  difficult  to  dispose  of  even  wnen  tney  are 
Identified. 

I  think  that  we  have  worked  cut  sobs  solutions  tr  this  In¬ 
dustrial  waste  disposal  problem,  ¥  thi*>k  tha*  *«■«*  of  It-  could,  be 
reprocessed  or  remairrfactured.  !»o  am®  f^tore*  - '  ir*tf.bT-.vd  i-d  f  ii-.; 
nitric  acid  that  we  have  apyoacbed  has  cv  •  .  '  inclination  to  take 
any  of  It  back,  especially  when  it  has  the  nyfirofluorlo  acid  In  it. 

We  have  offered  to  tete  the  hydrofluoric  acid  cut  or  to  arrest  Its 
aggressive  properties,  but  ve  still  haven't  hnd  any  offers  —  not  any 
reasonable  offers.  We  can  buy  the  new  acid  cheaper. 

ER.  JACOBI C it:  I  hav»  no  Information  on  the  best  methods  of 
disposal.  I  have  tb»  Impression  that  somebody  is  working  on  that,  but 
I  ea  not  sure. 

One  Item  1  might  mention  is  that  as  far  as  we  can  find  out, 

U.  addition  of  small  amounts  of  hydrogen  fluoride  to  red  fuming  nitric 
acid  does  not  significantly  alter  its  toxicity.  What  effect  this  has 
on  the  disposal  problem,  I  do  not  know. 

VOICE:  1  have  been  led  to  believe  that  the  halogen  fluor¬ 
ides  are  of  the  semr  order  of  toxicity  as  fluorine  or  HF;  namely,  a 
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tenth  of  a  part  per  Billion,  as  Indicated  in  your  paper.  'Halt,  of 
course,  dees  not  include  the  perehloryl  fluoride.  Would  you  care  to 
eoaaent  on  thief 

ER.  JACOBSON:  fte  only  one  that  I  can  conaent  on  le  fluorine 
oxide.  I  did  not  Include  that  because  of  a  raaber  of  reasons,  one  of 
which  is  the  lack  of  evidence  available .  There  Is  evidence  that  fluor¬ 
ine  oxide  Is  appreciably  acre  toxic  than  fluorine.  There  has  been  some 
suggestion  that  this  does  not  hold  true  in  nan;  if  so,  this  is  one  of 
those  rare  caees  where  anlaals  and  nan  don't  react  alike.  Hjr  own  view¬ 
point  is  that  we  oust  assume  fluorine  oxide  to  be  appreciably  more 
toxic  than  fluorine. 

IR.  AKMSTROWOi  I  think  the  point  that  the  dispoaal  problem 
is  a  eerloue  one  is  veil  taken  and  deserves  serious  attention  of  those 
concerned  with  that  type  of  operation. 


TAPKR 


BEAT  TRAHSFER  PROPERTIES  <W  AHHTDP0D3  A1UHIA 
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(rresentad  by  Sr.  Reinhardt) 

Bell  Aircraft  Corporation 

(See  pages  85  to  97,  Voluns  1,  FTj.  Ail2/13) 

PfPHPARBP  mBC088Raf 

by  Robert  W.  Rlllson 
Reaction  Motors,  Inc, 

(See  following  pe^es,  30  to  32) 
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R.  W.  Ellison 
Reaction  Motors,  Inc. 

Denville,  New  Jersey 

Prepared  Discussion  on  Paper  by  T.  H.  Reinhardt,  R.  L,.  Potter, 

and  F.  M  Moore 

HEAT  TRANSFER  PROPERTIES  OF  ANHYDROUS  AMMONIA 

The  paper,  "Heat  Transfer  Properties  of  Anhydrous 
Ammonia",  by  T.  H.  Reinhardt,  R.  L.  Potter  and  F.  M.  Moore 
modestly  minimizes  the  difficult  nature  of  heat  transfer  determina¬ 
tions.  The  background  revealed  by  References  1,  2  and  3  clearly 
indicates  the  accomplishment,  and  accordingly,  L.  E.  Dean,  E, 
Ashley  and  the  authors  are  commended  for  their  solution  of  a  con¬ 
siderable  problem. 

The  discussion  is  presented  in  a  cleAi  an.. I  ♦nr:;,,  rV  man¬ 
ner  appropriate  to  its  purpose,  and  the  authors'  wisely  directed  at¬ 
tention  to  the  references  for  derivation  of  the  equation  used  to  eval¬ 
uate  the  liquid  side  wall  temperatur  o.  The  data  are  presented 
graphically  and  form  a  visible  pirtu-*  rr  he  •**  ;p^r*Ies  of  ammonia 
for  the  range  of  parameters  reported.  The  b  >  of  th -  prep*  ”ti*s 
data  appears  in  Figures  3,  6  and  7  C.  >•«». atio’.i  of  measured  data 
is  shown  for  two  relations  in  Figures  4  and  7.  The  significance  of  a 
composite  plot  of  nucleate  boiling  data.  Figure  5,  is  somewhat  mys¬ 
tifying. 


The  authors  have  included  an  exacting  description  of  the 
test  section  used  both  here  and  in  the  first  group  of  references  list-  d. 
Critical  dimensions  are  reported  in  at  least  three  significant  digits 
whose  use  implies  the  great  care  exercised  to  control  these  signif- 
cant  parameters.  In  general  the  experiments  appear  to  have  been 
executed  with  great  care,  and,  overall,  the  results  are  admirably 
reported. 


Correlation  of  data  is  the  subject  for  approximately  one- 
third  of  the  text,  and  the  attempts  at  correlation  are  wisely  divorced 
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for  the  non-boiling,  nucleate  boiling  and  burnout  regimes.  Th.  n - 
boiling  data  are  visibly  compared  with  the  Dittus  -Boelter  Equation 
in  Figure  4,  and  the  overall  appearance  of  the  individual  dots  indi¬ 
cates  that  there  are  roughly  the  same  number  of  data  points  above 
the  theoretical  curve  as  there  are  below.  The  evident  scatter  in¬ 
cludes  an  appreciable  number  of  data  points  which  are  rather  distant 
from  the  curve.  The  extent  and  degree  of  scatter  are  such  that  the 
Dittus -Boelter  equation  cannot  be  confirmed  for  the  non-boiling  regime 
with  absolute  certainty. 

Before  absolute  confirmation  is  warranted,  it  appears 
necessary  to  reduce  the  incidence  of  data -points  which  fall  far  dis¬ 
tant  from  the  curve  of  the  Dittos  -  boelter  equation.  Possibly  an 
improvement  in  the  thermometry  would  contribute  to  less  scatter;  it 
appears  more  likely,  however,  that  a  part  of  the  evident  scatter  may 
have  resulted  from  the  entrance  of  linear  velocity  into  the  equation 
under  the  comparatively  high  exponent  of  0.8.  Lacking  complete 
knowledge  of  the  velocity  distribution  across  an  annulus  subject  to 
heat  transfer,  the  exact  meaning  and  value  of  V,  the  symbol  for 
"effective  linear  velocity"  of  the  fluid,  are  not  completely  established. 

The  second  discrete  discussion  of  the  correlation  deals 
with  nucleate  boiling.  No  correlation  was  clam..'  *  >  r  nr>, h  tv.r 
case  of  ammonia  since  the  probable  tueiniunielxic  errors  were  larger 
than  the  values  of  ATsat  used  in  correlation.  A  detailed  analysis  of 
the  evaluation  of  saturation  temperatures  rau  the  use  of  resistance 
thermometers  is  indicated  for  the  successful  correlation  or.  nucleate 
boiling  data  for  ammonia.  Nucleate  boiling  •  .  ,ar;a  e^er  wid* 

ranges  of  pressure  and  bulk  temperature  wo *'  -  interesting. 
There  parameters  might  affect  the  location  or  slope  of  the  nucleate 
boiling  line  given  a  sufficient  range.  Determinations  at  higher  pres¬ 
sures  would  be  of  particular  interest  in  such  investigation. 

Burnout  data  and  its  correlation  are  discussed  in  a  third 
section  referring  to  two  equation*.  The  one  used  by  Ashley  for  WFNA 
data  is  limited  in  range;  the  other  uses  the  value  of  burnout  flux  ob¬ 
tained  by  JPL  in  hot-wire  tests.  The  correlation  as  shown  in  Figure 
7  is  n'ident,  but  the  majority  of  experimental  data  points  is  concen¬ 
trated  at  a  single  value  of  ATau{,,  approximately  120°F.  The  paucity 
of  points  at  other  values  precludes  the  conclusion  that  equation  6  is 
confirmed  for  burnout  in  the  case  of  ammonia.  The  close  agreement 
of  the  points  marked  is,  however,  indicative  of  confirmation  over  the 
range  tested.  Visually,  Figure  7  indicates  that  burnout  is  but  slightly 
affected  by  the  fluid  velocity. 
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One  overriding  question  arises,  howe'er,  in  connection 
with  the  values  of  pressure;  it  is  not  ment  >.d  whether  the  values 
listed  are  the  true  static  pressure  at  the  mid-point  of  the  test  sec¬ 
tion  or  are  simply  the  gauge  readings  taken  either  upstream  or  down¬ 
stream.  At  low  velocities  the  differences  in  values  for  the  various 
concepts  are  not  large.  At  the  highest  velocity  mentioned,  125  feet 
per  second,  the  kinetic  pressure  loss  is  roughly  40-60  psi  depending 
on  the  conditions  of  the  fluid. 

A  statement  precluding  possible  ambiguity  with  respect  to 
pressure  would  also  have  been  useful  with  respect  to  the  saturation 
temperature,  TSat>  and  the  scale  parameters  derived  from  it,  ATsub 
and  Tw-Tgat*  At  low  velocities  the  kinetic  pressure  loss  has  but 
little  effect;  at  125  feet  per  second  velocity,  the  maximum  error  in 
A T sat  resulting  from  the  use  of  uncorrected  gauge  readings  would  not 
exceed  10  to  20°F.  At  low  values  of  Tw  -  T8at  and  of  ATsub,  the 
distinction  between  true  static  pressure  at  *he  test  section  and  read¬ 
ings  taken  elsewhere  (at  low  velocity  points)  is  critical.  If  the  ref¬ 
erences  obviate  the  question  of  which  concept  was  used,  ithas  escaped 
notice,  and  a  statement  within  the  paper  under  discussion  seems  in 
order.  (This  same  ambiguity  in  concepts  of  pressure  has  been  wide¬ 
spread  in  the  heat  transfer  reports  of  most  groups  working  in  this 
field.)  The  authors  mention  that  data  from  JFL.  "show  a  lower  depen¬ 
dence  of  (q/A)burn0ut  on  ^T8ub  than  is  shown  .  c r  { i  s)  -  vnslt*." 
It  appears  possible  that  different  concepts  of  pressure  may  have  con¬ 
tributed  to  the  difference  in  results. 

The  paper  also  permits  a  small  question  concerning  the 
possible  solution  of  gas  used  to  pressure  :«„•  Ord!r.?r'l-' 

the  effect  would  not  warrant  mention,  but  *  a*  solubility  ot 

nitrogen  (if  nitrogen  war  used)  raises  some  concern  in  the  case  of 
ammonia. 


In  tikis  work,  it  has  been  chosen  to  use  a  volumetric  flow¬ 
meter  and  to  report  values  of  linear  velocity,  V.  The  alternative  use 
of  tank-supporting  load  cells  or  of  one  of  the  true  mass  flowmeters 
would  appear  more  direct  and  less  limited  in  accuracy,  for  values  of 
linear  velocity  were  evidently  computed  by  a  form  of  Bernoulli's 
T'  -  >rem  which  inherently  contains  mass  as  the  conservative  quantity. 
While  these  "volume"  and  "velocity"  practices  are  not  uncommon,  it 
is  submitted  that  mass  velocity,  G,  is  more  meaningful  and  more  re¬ 
producible  in  ducted  flow  than  is  the  concept  of  an  average  fluid 
velocity. 
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Discussion  Prepared  by 
John  D.  Clark 

U.  S.  Naval  Air  Rocket  Test  Station 
Lake  Denmark,  Dover,  New  Jersey 

on  Mahan,  Fox,  Bo it,  Larsen  and  Doss's  Paper 
PETROLEUM  EKRIVABL*  COMPOUNDS  AS  LI«JID  ROCKET  FUELS 


In  the  first  part  of  this  paper  the  authors  have  described 
a  rather  Interesting  series  of  compounds  which  appear  to  be  roughly 
comparable  to  UEMH  as  rocket  fuels. 


The  question  at  once  arises  as  to  whether  or  not  they  are 
sufficiently  superior  to  present  fuels  to  warrant  serious  consideration. 
If  we  compare  a  typical  example :  N,  N.  N  ,  N-  tetraaethyl  butene 
1,  3  diamine,  with  UEMH,  we  find  something  iViO 


Specific  Impulse: 
Density  laq^ulse: 
Hypergollclty: 
Viscosity: 

Boiling  point  nni 
vapor  pressure: 
Freezing  potut: 


Density: 

Thermal  stability: 
Compatibility: 
Additive  to  JP: 


2.<#  worse  than  UEMH 
1.9p  he+.ter  than  UEMH 
Good.,  but  Inferior  to  UI*£ 
bi*  t  1  nfr-^  rv-  UIMH 

Better  •*.  MFS3 

Better  incn  UEMH,  but  below  -72 *7 
it  maxes  little  difference 
Little  to  choose 
Probably  tatter  than  TiTSnTT 
Little  to  choose 
Inferior  to  UEMH 


In  short,  there  is  so  little  difference  between  the  two  compounds,  that 
any  decision  between  them  would  probably  be  made  on  logistic  grounds  — 
Availability  and  price,  ’’'he  authors,  unfortunately,  have  given  no 
information  as  to  how  the  logistics  of  these  compounds  compare  with 
UDMl. 


The  second  part  of  the  paper  deals  with  monopropellant a  made 
by  dissolving  the  nitrate  salts  of  these  tertiary  diamines  in  nitric 
meld  —  producing  solution!  comparable  to  the  monopropellant  Isolde 
developed  at  HARTS.  Isolde,  as  you  probably  know,  consists  of  the 
nitrate  of  dlismwopyl  amine  dissolved  in  nitric  acid. 
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In  order  to  shorten  the  discussion  by  an  order  of  Magnitude 
I  am  going  to  taka  tbs  llbsrty  of  ebriatanlng  "H  ,  H  ,  if1,  H1- 
tetramethyl-butane-1,  3  diaaina  dinitrate  dissolved  in  anhydrous 
nitric  acid,"  "Beatrice"  for  short,  and  the  analogous  propane  propell¬ 
ant  can  be  called  "Portia." 

She  work  with  Beatrice  and  Portia  confirms  several  of  the 
observations  we  have  wade  at  HARTS  on  Isolde  and  slallar  compounds. 

First  —  they  have  a  poor  thermal  stability.  At  6o*C  - 
l4o*F  -  Portia  built  up  enough  pressure  in  145  hours  to  blow  a  100# 
burst  disc,  and  Beatrice  only  took  57  hours.  Our  Minnie  —  the 
tri -methyl  amine  propellant  —  would  take  about  100  hours  to  Ao  the 
same.  (This  is  an  estimated  value -the  burst  times  at  several  higher 
temperatures  being  extrapolated  to  6-0*  by  the  Arrhenius  equation, 
which  describes  the  phenomenon  quite  accurately.)  Ve  have  found  that 
such  propellants  made  from  tertiary  amines  are  in  general  thermally 
unstable.  If  a  sample  of  the  completed  propellant  is  placed  on  the 
sterna  bath,  it  Invariably  ignites  before  all  of  the  acid  has  been 
evaporated.  If  Isolde  (made  from  a  secondary  amine)  is  treated  the 
same  way,  the  acid  evaporates  off,  and  the  salt  is  recovered  almost 
quantitatively,  with  only  a  slight  discoloration.  The  extrapolated 
burst  time  for  Isolde  at  60*  would  be  something  like  3500  hours. 

The  viscosity  data,  too,  confirms  curs.  Early  in  the  pame 
we  found  that  propellants  made  from  diaulnes  nnu  ~  v?.j  vjcv't  and 

a  high  temperature  coefficient  of  viscosity  compared  with  thc-te  mode 
from  mono-amines.  The  viscosities  of  Portia,  Beatrice,  and  Isolde,  at 
75 *F,  are  6.1,  4.7,  and  1.9  centistokes  respectively,  and  at  -4o*  they 
are  100,  62,  and  11.8. 

The  card-gap  values  for  Portia  :•  ’!  ?•**?•■)  cv-e 

low  (Isolde  unaer  the  same  conditions  give-  ~  <•-  Of ,  n..a  art  close  to 

the  14  card  value  for  Minnie.  An  extensive  --tries  of  card-gap  tests 
at  HARTS  has  resulted  in  a  remarkable  correlation  between  structure 
and  sensitivity  for  amine -nitrate  monwpropellarts  —  and  by  that 
correlation  it  would  appear  that  when  a  carbon  chain  is  tied  down  at 
both  enda  by  an  amine  group,  the  only  carbons  in  tbs  chain  that  contri¬ 
bute  to  the  sensitivity  are  those  adjacent  to  the  nitrogens. 

There  are  two  more  observations  that  I  have  to  make.  The 
first  is  that  ve  have  done  a  little  work  ourselves  on  amine  perchlorate 
moncnrppellants  and  have  foun.l  that  they  have  an  extremely  high  shock 
sew«j.tivity,  and  that  when  they  go  the  results  are  devastating.  So, 
if  you  wish  to  work  with  such  things  —  don't! 

The  second  is  on  the  use  of  HF  as  a  corrosion  inhibitor  in 
amine  nitrate  monopropellanto.  We  have  found  that  it  is  unnecessary 
with  aluminum,  having  no  particular  effect  on  the  a] ready  very  low 
corrosion  rate.  With  stainless  steel  (347)  it  makes  the  low  corrooion 
rate  much  worse. 
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The  opinion*  expressed  in  this  discussion  are  those  of  the 
author,  and  are  in  no  vise  to  be  construed  as  representing  thone  of 
the  Naval  Air  Rocket  Test  Station,  of  th-  Bureau  of  Aeronautics,  the 
U.  S.  Navy,  or  the  Department  of  Defense. 
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DR,  AHMJEROWOt  I  think  that  anyone  who  baa  bean  In  the 
rocket  business  very  long  realises  that  vs  are  rapidly  approaching  the 
limit  of  performance  obtainable  with  ordinary  chemical  propellants.  I 
believe  that  Zovicfcl  first  proposed  the  use  of  aatastable  states  for 
propulsive  means,  3hia  Idea  lay  dormant  for  saveral  years  and  was 
finally  taken  up  by  the  Directorate  of  Advanced  Studies  of  the  Office 
of  Scientific  Research.  That  was  shout  three  years  ago,  I  believe. 
Since  then  Interest  has  Increased  exponentially  so  that  today  there 
are  may  programs  all  directed  toward  the  utilisation  of  free  radicals 
as  a  means  of  propulsion.  Lieutenant  Colonel  Atkinson  of  tbs  Office  of 
Scientific  Research  will  tell  us  about  the  free  radical  program. 


PAPER 

SURVEY  OP  RESEARCH  OR  FREE  RADICALS  AS  PROPBLLAIfTS 
by  Paul  0.  Atkinson 

Air  Force  Office  of  Scientific  Research 
(See  pages  1-17,  Volume  1,  PEL  212/13) 


UR,  AHM3TO0WQ:  Probably  the  largest  single  program  In  the 
country  at  this  time  on  the  subject  of  free  radicals  le  that  of  the 
Bureau  of  Standards,  and  prominent  In  the  organisation  &aii 
of  that  program  la  Dr.  Brcida,  who  will  offer  comments  on  Colons  j. 
Atkinson's  paper. 
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Discussion  Prepared  by 
H.  P.  Broida 

National  Bureau  of  Standards 
Washington,  D.C. 

on  P.  G.  Atkinson  Paper 

SURVEY  OF  RESEARCH  ON  FREE  RADICALS  AS  PROPELLANTS 


Colonel  Atkinson’s  presentation  of  the  research  on  free 
radicals  as  propellants  has  covered  the  major  points  of  potential 
uses  and  advantages  of  free  radical  fuels.  Quite  rightly  he  has  not 
concentrated  on  pointing  out  the  difficulties  of  the  use  of  such 
materials.  At  this  stage  of  scientific  progress  it  is  not  a 
question  of  how  to  use  such  fuels.  The  question  is  -  can  enough 
energy  be  stored  in  stabilizeu  l'r<  »  rad„rO«  for  potrrtlrJ  use  as  a 
fuel? 


Recent  laboratory  results  show  that  even  highly  reactive 
free  radicals  can  be  stored  for  Tong  times  in  solids  at  low 
temperature.  In  addition,  it  has  been  found  that  concentrations 
above  1%  can  bo  stabilized  under  c*>*uJ •:  r-  it. ter  :.  In  of 

these  results  and  the  relatively  snalT  car  rh- '■‘tiorr*  r*»: aol  for 
good  specific  impulse  performance  (t»ei  page  3  of  Atkinson’s  report), 
it  is  essential  to  determine  tho  upper  physical  limit  on  the  con¬ 
centrations  so  that  an  answer  can  be  given  to  the  question  on 
whether  sufficient  energy  for  use  as  a  propellant  can  be  stored  in 
free  radicals.  Until  this  question  is  answered  in  the  affirmative, 
it  is  premature  to  dwell  too  deeply  on  tho  question  of  how  to  use 
such  a  fuel, 

I  should  like  to  stress  two  points  already  mentioned  by 
Colonel  Atkinson,  First,  in  hia  definition  of  the  term  "free 
radical",  he  properly  emits  other  species  in  which  energy  is 
available.  Unfortunately  there  is  seme  confusion  caused  by  those 
who  lump  together  other  energetic  species  such  as  ions  or  elec¬ 
tronically  excited  molecules.  While  such  species  ml  trht  be  useful 
as  propellants,  their  properties  are  much  different  from  thor*  of 
free  radicals.  The  sec >nd  point  that  bears  repetition  is  the  one 
that  only  a  few  radicals  -  simple  and  of  low  molecular  weight  -  have 
any  potential  use  as  fuels.  The  specific  impulse  obtainable  from 
most  free  radical  reactiors  is  too  small  to  be  of  value  as  a  fuel. 
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Discussion  Prepared  By 
H.  M.  Fax 

Phillips  Petroleum  Company 
Bartlesville,  Oklahoma 

on  J.  S.  Gordon  Paper 

THEORETICAL  AND  EXPERIMENTAL  EVALUATION  OF 
SEVERAL  AMINE  FUELS,  WITH  FUMING  NITRIC  ACID 


Because  we  have  pioneered  the  tertiary  diamines  as  possible 
nitric  acid  rocket  fuels,  it  was  gratifying  that  these  fuels,  for  the 
most  part,  performed  satisfactorily  in  the  WADC  engine  tests.  These 
data  obtained  on  several  compounds  over  a  wide  range  of  mixture  ratios 
are  the  most  extensive  which  have  been  reported.  In  general,  the  data 
confirm  the  theoretical  possibilities  of  these  fuels  and  the  indi¬ 
cations,  obtained  by  the  Naval  Ordnance  Test  Station  in  the  LAR  and 
simulated-LAR  engines,  that  the  tertiary  diamines  compare  favorably 
with  hydra sine  and  UDMH. 

We  have  a  few  cossnents  tDout  L&tl*  ,'T  of  ihr  WMv*  pnp*r  which 
summarises  some  of  the  important  properties  of  tne  tartiaiy  diamines. 

The  question  might  be  asked:  Why  have  the  unsaturated  species  been 
considered  by  Phillips  to  such  an  extent  in  view  of  their  ihermal  in¬ 
stability  characteristics?  The  unratunted  species  have  advantages  in 
yields  and  In  manufacturing  costs;  we  r.r»*  not  convinced  that  their 
thermal  instability  is  as  serious  ••  ’roitcd  L>y  G*>i- .■*•***.  We  tr’Jexc 
that  the  chermal  instab < lity  is  cause.  >•*  r.'  ,or  s&*ou»ta  of  water  which 
were  not  removed  in  the  manufacture  or  were  added  in  storage,  and  it 
aeems  reasonable  that  something  can  be  done  to  eliminate  or  to  reduce 
significantly  this  effect  of  moisture.  We  have  observed  that  some  of 
the  unsaturated  species  compare  favorably  with  the  saturated  species 
in  storage  behavior  when  a  desiccant  is  added  to  the  stored  sample. 

For  example,  N,N,N' ,N'-tetramethylbuten'r-l,3-diamine  appeared  unaffected 
by  heating  for  one  hour  5 <X?  F  when  metallic  sodium  was  present  in 

the  sample.  While  particulate  matter  would  not  be  desirable  in  a 
r<  :et  fuel,  we  believe  that  a  satisfactory  solution  could  be  evolved 
wit.  minor  effort. 

This  adverse  effect  of  moisture  might  account  for  the 
questionable  heat  of  combustion  for  N,N,N’ ,N,-t#tramvt.hylpropene-l,3- 
dlamlne  given  in  Table  II  of  the  paper.  We  have  obtained  erratic 
results  on  this  compound.  On  the  basis  of  several  careful  determinations 
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we  have  settled  on  a  value  of  17,017  Btu/lb  which  is  more  reasonable 
than  the  one  given.  We  believe  it  to  be  a  considerably  better  value. 

We  do  not  feel  that  the  deposit  problem  with  N,N,K,,N,-tetra- 
methyl ethane-1, 2-diamine  in  cooled  nozzles  is  serious.  Analysis  of  these 
deposits  showed  that  they  were  the  nitric  acid  salt  of  this  tertiary 
diamine  which  from  its  thermal  stability  behavior  could  only  form  on 
cooled  surfaces  during  shut  down.  The  salt  formed  under  such  conditions 
could  be  tolerated  in  most  applications.  In  cases  in  which  it  could 
not  be  tolerated,  formation  of  the  salt  could  be  prevented  by  simple 


One  of  the  most  interesting  aspects  of  the  WADC  data  was  the 
rather  large  differences  in  eoeibustlon  efficiency  observed  between  the 
various  compounds  many  of  which  are  similar  in  physical  and  thermo¬ 
dynamic  properties.  The  following  ruanr rises  the  combustion  efficiency 
result st 

)£c  -  Cositustion  Efficiency.  % 
200-lb,  110 -L*  100-lb,  144 -L* 

Fuel  _  Uncooled  Engine  Engine 


Tertiary  Diamines 


99-100 
(2  fuels) 
98 


98-100 
(6  fuels) 


MMH/UDMH  Eutectic 
DETA/UDMH  50/50 

N , N-Dimethylamino-3-propy lamine 


Triethylamine  -  91 

Combustion  efficiency  is  defined  for  this  consideration  as  actual  c* 
divided  by  theoretical  c*.  Theoretical  data  used  were  frozen-equili¬ 
brium  data  in  which  the  following  Products  of  combustion  were  assumed! 
CO2,  CO,  H2O,  N2,  H2,  02,  0,  H,  cH,  ana  NO.  Actual  and  theoretical 
values  of  e*  used  in  the  analysis  were  peak  values  regardless  of 
mixture  ratio.  A  plot  of  combustion  efficiency  as  a  function  of 
mixture  ratio  for  the  fuels  shewed  the  same  relationship  between  fuels 
as  the  preceding  tabulation. 
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The  data  for  neat  fuels  are  divided  into  two  distinct  ranges 
of  combustion  efficiency:  (1)  98-100  per  cent  range,  and  (2)  90-91  per 
cent  range.  These  data  are  limited  but  it  seems  more  than  accidental 
that  all  of  the  fuels  giving  good  combustion  efficiencies  are  highly 
reactive  fuels  with  nitric  acids,  as  measured  by  ignition  delays, 
compared  to  the  poor  fuels  which  have  very  long  ignition  delays  or  are 
not  hypergolic.  DETA  which  is  not  hypergolic  gave  the  lowest  efficiency 
and  exerted  an  almost  additive  effect  in  an  adverse  direction  on  the 
UDMH  mixture.  It  is  difficult  to  explain  the  difference  in  the  per¬ 
formance  of  the  diamines  and  triethylamine  on  the  basis  of  better 
engine  optimisation  for  the  diamines  because  physically  and  thermo¬ 
dynamically  they  are  essentially  the  same.  These  data  emphasise  the 
need  to  consider  kinetic  properties  in  the  selection  of  nitric  acid 
rocket  fuels.  They  cast  doubt  on  the  assertion  so  often  heard,  that 
in  selection  of  liquid  rocket  fuels  we  need  consider  only  theoretical 
performance,  physical  properties,  and  cost  and  that  kinetic  defi¬ 
ciencies  cm  be  easily  ironed  cut  by  engine  design  and  development. 

We  believe  these  data  support  the  contention  that  better  screening  of 
liquid  rocket  fuels  should  be  done  in  actual  engine  firings;  as  a 
result,  engines  could  be  developed  and  made  to  operate  at  less  cost. 

A  parameter  of  substantial  significance  in  some  applications 
such  as  rocket  projectiles,  particularly  air-to-air  missiles,  is 
volume  impulse.  We  were  interested  to  see  how  the  fuels  tested  by 
VADC  compared  on  this  basis.  Figure  1  is  a  plot  of  volume  impulse 
versus  specific  impulse  obtained  on  fuels  tested  in  the  200-lb  engine. 
Units  of  volume  impulse  are  impulse  per  cubic  foot  of  propellants. 
Differences  obtained  are  because  of  dlff iro.:w  in  specific  Inpulte 
and  mixture  ratio.  For  N,N,N' ^'-tetramethylei Kin-  *r*d 

UDMH  which  peak  at  approximately  the  same  specific  impulse,  the  farmer 
was  almost  8  per  cent  superior  in  volume  imjailse.  Oie  of  the  reasons 
fcr  considering  the  DETA/UDMH  mixture  was,  of  course,  to  impncre 
vclume  performance  over  that  obtainable  with  ITX5H.  Certain  advantages 
of  the  mixture  in  this  respect  are  *viu '  -i—  -  -<».ta.  ^^ev-r, 

at  the  peaks  the  superiority  in  volume  •;.*  c'  the  ml  Mu  r,  wa* 

slight  compared  to  the  loss  in  specif-*?  ^ae. 
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Discussion  Prepared  by 
E.  C.  Noonan 

U.  S.  Naval  Ordnance  Laboratory 


on  C.  W.  Tait  and  W.  A.  Cuddy  Paper 
BESENSTITZATION  OF  LICJJID  M3NOPROPELLANT3 
TO  ADIABATIC  AH?  COf’HESSION  IMPACT 


The  authors  of  this  paper  should  be  congratulated  on  this 
Interesting  study  of  the  Impact  sensitivity  test.  They  Illustrate 
very  vividly  that,  contrary  to  a  widespread  notion.  It  Is  not  the 
total  potential  energy  available  from  the  weight  that  la  Important  in 
an  impact  sensitivity  experiment  but  rather  the  elastic  properties  of 
the  parts  which  are  hit.  These  constitute  a  bottleneck  through  which 
the  available  energy  must  be  transferred.  Only  a  mail  part  of  the 
total  energy  available  can  participate  in  initiation  of  the  explosive  - 
They  indicate  the  sensitivity  of  the  final  tailor vr tui *  reached  by 
adiabatic  compression  on  the  specific  heat  ratio,  jrt  fur  tie  wo 
gas.  They  point  out  the  problem  of  propagation  of  an  explosion  from  a 
hot  spot  and  demonstrate  the  effect  of  heat  conduction  in  an  ingenious 
manner.  Finally,  they  have  made  a  practical  suggestion  on  how  to  de¬ 
sensitize  a  particular  explosive. 

Tait  and  Cuddy  found  a  linear  dependence  :**x<rr.'oi  pre',»wro 
in  the  liquid  on  the  height  of  drop  of  the  wr  „i>o.  They  mention  that 
the  pressure  should  be  a  function  of  the  square  root  of  the  height. 

It  is  interesting  to  see  how  this  comes  about  and  what  general  con¬ 
clusions  we  can  draw  about  the  behavior  of  impact  testers. 


When  a  bar  moving  witn  a  velocity  u  hits  another  bar  at  rest 
the  maximum  compressive  stress  at  .he  plane  interface  of  contact  normal 
to  the  cannon  axis  of  the  bars  is 


P  u 


(I) 


where p  and  c  are  the  density  and  speed  of  sound  respectively  in  the 
bar  ax  rest  (l).  The  instantaneous  velocity  of  a  mass  initially  at 
rest  which  has  fallen  from  a  height  h  Is 


u  ■  V?  g  b 


i 

l 
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Finally  the  speed  of  sound  c,  nay  be  expressed  as: 

C  S  (m) 

vhere  E  is  Young's  modulus  in  engineering  units  (l).  We  nay  combine 
equations  (I),  (II),  and  (ill)  to  yield: 

P  =  1/2  E^h  (IV) 

Substituting  the  proper  constants  for  steel  and  the  proper  units  for 
h  in  inches  one  finds  that: 

P*  r  U080  Vh  vhere  P  is  in  psi,  h  in  inches 

P  -  278  Vh  vhere  P  is  in  aim,  h  in  inches 

If  one  computes  the  pressures  expected  from  this  formula  and  compares 
them  vith  those  measured  by  Tbit  and  Cuddy  it  turns  out  that  they  are 
of  the  same  order  of  magnitude  but  from  1*5$  to  6$  too  high.  The 
actual  situation  in  the  Impact  tester  is  of  course  very  complex,  since 
there  vlll  be  reflections  at  various  points  in  the  apparatus .  As  a 
matter  of  fact  if  the  acoustic  Impedance  of  the  parts  vere  properly 
matched  the  full  pressure  should  be  reached  on  the  first  Impulse,  and 
the  pressure  records  of  Tait  and  Cuddy  indicate  that  this  is  certainly 
not  true. 


Using  the  approximation  for  pressure  by  (TV) 

and  substituting  in  the  pressure  temperature  relation  i'or  adf 
compression  the  following  equation  may  be  developed. 


T2  =  T-l  (k/PiJ^  (hy^K 

(v) 

vhere  k  is  the  proportionality  constant  (275!  0*  f  (IV)  mid 

y  is  the  ratio  of  specific  heats.  By  dATfwi  Minting  T2  with  respect 
€0  one  variable  at.  a  time,  holding  the  others  constant,  one  obtains 
four  equations  for  dTg*  Combining  these  one  finds  the  three  equations 
for  the  relationship  of  the  variables  which  produce  the  same  change, 
dT2  in  T2 . 

to  :(Z£.)-± 

h  \y-lj  Tx 

(VI) 

dh  r  -2<5P1 

T  ~TT 

(VII) 

#  *  * 

1/2  log  h)  dy'  (V3H) 

To  illustrate  the  magnitude  of  the  effects  one  may  investigate  the  be¬ 
havior  tinder  the  conditions  the-  dh  ■  1  inch,  h  r  10  inches,  r  300*K, 
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:  1  atm,  k  s  278  atm.  Then  to  make  an  error  nf  10^  In  h  signifi¬ 
cant,  T.  must  be  controlled  to  4  4.3*C,  to  *  0.05  atm  and  y  to 
4  O.OOUI  units.  The  sensitivity  of  the  test  to  variation  in  y  is  very 
apparent.  In  fact,  tinder  the  above  conditions,  it  can  be  shown  that 
merely  saturating  dry  air  with  water  vapor  at  300*K  makes  enough 
difference  in  y-  to  increase  h  from  10  inches  to  11. 3  inches.  Even  if 
the  pressure  developed  is  a  linear  function  of  drop  height,  as  Tait 
and  Cuddy  found,  the  results  are  not  much  different.  Using  the  equa¬ 
tion 

T2  s  Tx(123  h/Pl  ff- 

one  finds  that 

Under  the  same  conditions  used  above,  an  error  of  t  1  inch  in  h  at 
10  inches  can  arise  from  an  error  of  4  .0079  units  in 

The  dependence  of  the  temperature,  Tg,  on  drop  height  is  also 
of  interest.  Taking  as  unity,  k  2  278,  we  rind  for  various  values 
of  ^(equation  V): 

1.27  T2  ■  3*32  Tx  h0*106 

f  r  1.U0  T2  =  5  h0,1^3  s  5  tx  hk-'  1 

fZ  1.66  Tg  a  9.4  Tx  h°‘n3 

Thus  at  y  s  l.Uo,  the  upper  temperature  reached  depends  on  the  1/7 
power  ox  h!  Of  course  Tg  mus~;  anpear  in  tt^e  ter.  y  -“'•■hion 

rate  in  seme  exponential  form,  as  k  2  Ac"*/ frr  f.  .»x  M reties. 

Murgai  (2)  has  published  a  theory  of  impact  machines  using 
the  Hertz  theory  of  Impact.  The  particular  ardel  he  used  involved  a 
steel  hall  impacting  solid  explosive  on  a  flat  anvil.  An  elaborate 
treatment  involving  the  masses  of  the  weight  and  anvil;  Poisson's 
ratio,  coefficient  of  restitution,  shear  modulus  of  steel,  etc.  lead¬ 
ing  to  a  calculation  of  radial  pre.-jure  distribution  is  given.  The 
net  results  of  Rir gal's  treatment  and  that  of  the  author  may  be  com¬ 
pared  for  a  given  set  of  conditions  when  P  ■  1  atm  and  the  various 
parameters  of  Kirgai's  equation  remain  constant;  i.e.,  the  same 
machine  is  used  for  the  expei-'ments . 

Murgai  Noonan 

Tg  2  kx  Tx  h3/5  (yl)/y)  T  :  k  ^  hV6[ 
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Values  of  T2  obtained  are  very  nearly  the  same  vhen  numerical  values 
are  substituted. 

Bie  above  remarks  are  made  mainly  to  disillusion  those  who 
think  of  an  Impact  machine  as  a  precision  instrument  and  to  indicate 
the  outrageous  degree  of  control  necessary  in  order  to  expect  repro¬ 
ducible  results. 

The  equations  of  motion  of  a  bubble  under  compression  by  a 
liquid  medium  and  the  nature  of  its  behavior  vhen  chemical  reaction 
occurs  in  the  bubble  are  very  interesting  and  complex.  Enig,  at  NOEL, 
has  attacked  this  problem  from  a  theoretical  viewpoint  with  the  aid  of 
numerical  integration  techniques  using  high  speed  computers.  So  far 
he  has  shown  that  nitroglycerine  detonates  under  certain,  rather  mild 
conditions,  but  at  this  point  not  enough  data  have  been  gathered  to 
define  the  bubble  size  or  compression  ratio  below  which  burning  or 
detonation  will  not  occur.  We  hope  that  these  computations  will  be 
completed  in  the  near  future. 

If  a  bubble  of  gas  Immersed  In  liquid  is  suddenly  compressed 
it  overshoots  the  equilibrium  position,  and,  if  it  is  stable,  will 
oscillate  with  damped  harmonic  motion  about  the  equilibrium  size.  In 
practice,  however,  it  is  easy  to  reach  unstable  conditions  at  high 
rates  of  loading.  In  this  case  the  bubble  breaks  up  on  expansion. 
Essentially  what  happens  Is  this:  the  Inner  surface  of  the  bubble 
reaches  fantastic  accelerations  during  compression.  If  the  mass  of 
the  particles  in  the  surface  is  multiplied  oy  this  i<r>  out 

gets  an  inwardly  directed  force  which  is  counterbalanced  uy  the  opp.,;,- 
ing  force  due  to  pressure  of  the  gas  and  surface  tension  of  the  liquid. 
(Cohesive  forces  of  the  liquid  may  be  neglected.)  If  Bernoullis* 
equations  of  motion  for  the  liquid  around  the  bubble  are  obeyed  thcii 
its  behavior  vould  be  stable.  At  radial  velocities  aeproaching  the 
speed  of  sound  instability  may  appear.  The  '-•ni.i  ir  ’•  ♦>»» 

time  the  bubble  should  start  expansion,  jet*  if  ' '  Tic  sprayed  m 
toward  the  center  and  the  bubble  breaks  up  inti  little  bubbles.  Some 
high  speed  photographs  by  J.  B.  Levy  and  A.  tester  of  NQL  illustrate 
these  effects. 

If  droplets  are  sprayed  Into  the  hot  gas,  or  if  new  small 
bubbles  are  formed,  the  gas  may  be  cooled  before  propagation  of  com¬ 
bustion  can  occur.  Tait  and  Cuddy  illustrate  the  effect  of  heat  con¬ 
duction  by  use  of  Insulation.  Consider  this  effect  greatly  multiplied 
by  spray  cooling  and  it  is  easy  to  see  why  propagation  may  not  occur 
In  many  cases. 

Thus,  while  it  is  true  that  high  temperatures  should  be 
reached  during  truly  adiabatic  compression  there  are  three  good 
reasons  why  propagation  of  combustion  may  not  occur. 
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a.  The  compression  phase  is  not  truly  adiabatic;  beat 
is  lost  to  a  relatively  large  mass  of  liquid  over  a 
relatively  long  time. 

b.  Instability  of  the  bubble  may  result  in  sprays 
or  Jets  which  cool  the  gas  rapidly. 

c.  The  induction  time  for  the  chemical  reaction  is 
longer  than  the  time  available  before  the  gas  has 
cooled  or  impulsive  loading  has  been  relieved. 

Once  combustion  has  started  within  a  bubble,  it  appears  from 
Enig's  analysis  that  intense  shock  waves  can  build  up  very  rapidly. 

The  fact  that  all  the  heat  is  being  produced  in  a  small,  totally  en¬ 
closed  volume  coupled  with  the  inertia  of  the  liquid  makes  this 
possible.  If  the  liquid  can  support  detonation  this  process  will 
start  soon  after  combustion  begins.  In  the  case  of  nitroglycerine,  if 
of  the  vapor  originally  assumed  present  reacts  chemically,  the 
rate  of  heating  by  reaction  exceeds  the  rate  of  cooling  due 
to  expansion  and  detonation  occurs  almost  lmedlately.  If 
less  than  3#  reacts  the  cooling  due  to  expansion  quenches  the 
reaction. 


In  sunmary,  it  may  be  said  that  Dr.  T&lt  and  Mr.  Cuddy  have 
made  a  distinct  contribution  to  our  understanding  of  impact  tests  and 
their  interpretation.  It  is  ub  .'ic*?  +h:»*  *■  a  sat  deal  no~  needs  to 
be  done  before  a  clear  understanding  of  all  rw  Oii,  *  •-  1  r+o 

the  sensitivity  of  liquid  explosives  is  achieved. 


(1)  Timoshenko,  "Theory  of  Elasticity. '  tuMiill,  New  York,  N.Y., 
1934,  p  282. 

(2)  M.  P.  Murgai ,  Journal  of  Chem.  Physics,  22,  1687-1688,  (1954); 
ibid,  2 762-767,  (1956). 
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Cc— nts  Submitted  After  the  Symposium 
by  D.  IT.  Orlffln 


Olln  Mathieson  Chemical  Corporation 


The  following  comerrte  are  directed  towards  the  two  papers  by 
Talt  and  Cuddy  of  Wyandotte  Chemicals  Corporation  entitled  "Deeenslti- 
satlon  of  Liquid  Monoprops  Hants  to  Adiabatic  Air  Compression  Inspect 
by  the  Addition  of  Ethylene  Caddo. H  and  "An  Adiabatic  Air  Compression 
Drop  Weight  Tester  for  Liquid  Monopropellaxrts*  (pages  8l  to  100, 

Volume  2,  FTL  212/13). 

The  drop  weight  tester  described  In  their  papers  Is  not  a 
modification  of  the  Bureau  of  Mines  drop  weight  tester  as  claimed  by 
the  authors,  but  Is  Instead  an  early  model  of  a  drop  weight  tester 
developed  by  Olln  Mathieson  Chemical  Corporation  which  has  become  known 
as  the  "0-Ring -Type  Drop-Weight  Taster."  Because  of  that  fact,  and 
furthermore,  because  Cuddy  refers  to  the  Olln-Msthls son  tester  as  being 
unsatisfactory,  I  consider  It  neoe-fen-’  ♦/%  ^tTU'i  the  current  status 
of  Olln  Mathieson* a  work  In  this  field. 

In  1953,  since  we  ms  re  aware  of  the  inadequacies  of  most 
liquid  propellant  impact  testers  then  In  use,  Mathieson  Chemical  Cor¬ 
poration  undertook  to  develop,  at  Company  expense,  an  lmre-rt  tester 
designed  specifically  for  liquid  -  xx’T.-lves.  With  the 

formation  of  the  Committee  on  Test  Mstbou  for  T.*  --id  ►£ s^prer c 1 lar.  W 
we  offered  to  coordinate  our  efforts  vit'  .**  objectives  of  that 
committee . 


At  the  second  meeting  of  the  Monopropellant  Committee,  In 
February  195**,  a  working  sub-committee  was  formed  consisting  of  repre¬ 
sentatives  from  Buffalo  Elect:  ochemlcal  Company  and  Ifethleson  Chemical 
Corporation  and  charged  with  i  ccuseacUng  suitable  modifications  to  the 
ICC  iaepact  tester.  For  several  months  the  sub-caaslttee  Investigated 
modifications  of  the  ICC  tester,  none  of  which  proved  satisfactory. 

At  the  fifth  meeting  of  the  Monopropellant  Ccnmlttee  in 
September  195^,  Mr.  J.  W.  Orr  of  Olln  Mathieson  presented  hie  novel 
idea  for  using  a  standard  0-rlag  both  to  form  the  cup  containing  the 
propellant  sample  and  to  act  as  a  seal  to  confine  the  pressure  developed 
within  the  apparatus.  This  new  drop  weight  apparatus,  and  the  prelim¬ 
inary  results  obtained  with  It,  were  received  with  Interest  by  the 
consult  tee,  and  several  caned,  ctee  members,  Including  Wyandotte's 
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representative ,  offered  to  evaluate  it.  Consequently,  eoplee  of 
Olin  Mathleeon's  preliminary  design  were  east  to  »JLi  — tears  of  the 
Ccwittee,  and  figure  1  of  Cuddy's  paper  is  a  reproduction  of  that 
drafting. 

Several  later  ■edifications  of  this  design  were  tested  by 
Mathleson  including  some  with  "cavity  pistons"  s  la  liar  to  the  one  used 
by  Cuddy  in  his  work.  Late  in  1955,  a  Modification  vea  suggested  by 
mashers  of  the  Rxplosive  Research  A  Drolopswnt  latabllshasnt  in  the 
United  Kingdom  which  involved  placing  tbs  vent  bole  in  tbs  piston 
rather  than  in  tne  body  of  the  apparatus.  A  revised  design  of  the 
Mathleson  O-Ring  fester  was  aads  1  n diets ly  incorporating  this 
suggested  revision  sines  ws  felt  this  change  resulted  in  s  significant 
laproveawnt  in  both  the  apparatus  and  its  operation.  In  April  1956, 
copies  of  this  new  design  were  subeltted  to  tbs  Ccnnittee. 

During  the  past  year  at  Olin  Mathleson,  we  have  completed 
the  development  of  this  design  and  oonslder  the  apparatus  to  be  satis¬ 
factory,  (cf  accompanying  figure).  However,  it  baa  been  our  contention 
that  the  operating  procedures  and  the  Interpretation  of  data  are  of 
even  greater  significance  than  the  detailed  design  of  the  apparatus 
itself.  In  recent  months  ws  have  been  completing  the  development  of  a 
test  method  for  liquid  propellants  and  explosives,  and  it  has  been  our 
belief  that  the  Interests  of  everyone  concerned,  particularly  potential 
users,  would  be  served  best  by  our  not  releasing  the  apparatus  design 
until  the  complete  and  detailed  ajtbod  cy-T'vtlva  and  inter?  s-station 
of  results  can  also  be  described. 

In  his  paper,  Cuddy  does  not  indicate  that  Wyandotte  has  weds 
any  basic  changes  in  the  design  of  the  OCLln  Mathleson  drop  wight 
tester.  However,  his  test  method  doss  differ  considerably  ~<tj  th-t 
which  we  are  developing.  In  Cuddy’s  a.  tLrd,  -.nsr-  "  »etel 

disk  is  not  considered  as  an  essential  in^Jcatlo*  •  ?.  ,  cao. 

Instead,  bis  ‘  criteria  of  positive  igrltl  <  r..  sheer i'  .•  c>r  5  ..i.uld, 
presence  of  carbon,  and  disintegration  o*  the  0  •ring.’*  xu  tur  "Lun 
Mathleson  Method,  rupturing  of  the  disk  f  socaapa'uef  vy  a  irtl  report) 
has  always  been  considered  as  the  only  positive  indication  of  explosion. 

Using  a  5-lb  vnigV,,  ',*u4dy  raporla  values  of  the  "JO^t-point" 
for  normal  propyl  nitrat"  rryi-'g  anysliere  from  7*75  to  15.6  Inches, 
although  he  emphasise?  precision  of  each  group  of  testa.  Using  the 
apparatus  shown  In  *  r  a  -  ccmpanylrg  figure,  and  also  with  a  5-lb  weight, 
ws  have  obtained  '  f'vq pan>.y  of  explosions  of  normal  propyl  nitrate 

with  a  drop  bo'  .«  cf  only  one  inch,  which  la  equivalent  to  approodaate- 
ly  one  tenth  of  the  delivered  energy  necessary  to  produce  a  "positive 
test"  In  his  method.  Ws  attribute  this  difference  to  tbs  ability  of 
ti  ®  O-rlng  seal  to  withstand  entree**  pressures  without  leakage  when 
p  roper  equipment  design  and  operating  procedures  are  employed. 
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In  conclusion,  It  should  be  sectioned  that  the  Information 
given  In  these  remarks  has  all  been  reported  to  the  Monopropellant 
Test  Comal ttee;  however,  the  opinions  expressed  do  not  necessarily 
coincide  with  the  opinions  of  all  Mahers  of  that  Comal ttee. 
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CLIN  MATHIESOM  "O  —  RING  —  TYPE*  DROP  WEIGHT  TESTER 


CONFIDENTIAL 


Caawata  Submitted  After  the  Syaqpoeium 
by  V.  B.  Moen 

Air  Reduction  Company,  Inc. 


Following  are  consents  on  the  paper,  "Adiabatic  Air  Cctnpreo- 
eion  Drop -Weight  Tester  for  Liquid  Hanoprope  Hants , "  by  V.  A.  Cuddy 
Wyandotte  Chemicals  Corporation .  (Pages  8l  to  100,  Volume  2,  PFL 
212/13). 

Mr.  Cuddy  should  be  comas nded  for  his  presentation  of  results 
with  a  particular  drop-weight  tester  applied  to  a  single  class  of  liquid 
monopropellants.  Tbs  Information  should  add  appreciably  to  the  con¬ 
sideration  of  the  Interdependent  variables  that  lead  to  the  Interpreta¬ 
tion  of  results  derived  from  a  test  that  at  fir**  seems  elementary  In 
both  construction  and  aaaa  of  use. 

Fortunately,  during  the  past  few  years  I  have  had  an  oppor¬ 
tunity  to  follow  the  progress  of  Mr.  Cuddy's  program  as  a  swnber  of  the 
Committee  on  Manopropellant  Vest  Mr-nod s,  t*J  mi  mo  tn  nr  ms.uy  alateo 
with  similar  type  test  work  on  a  progrsm  designed  to  nm.\  „ :  .  :.u, 
handling  properties  of  acetylenic  monopropellants.  With  this  hrr Pro¬ 
duction,  there  follow  a  few  eanents  on  Mr.  Cuddy's  presentation, 

1.  Repen  ted  to  the  Oonlttee  on  Monorv-oyw}  lerr*  Methods 
have  been  two  tyres  of  0-rlng  tester- .  ii:  C  «y  t;  *-•  scueVly 
described  bis  unit.  On  the  other  '*s&.  +>*.  j  jf.  ftetbieson.  unit 
described  In  the  paper  nas  been  discards!  by  both  Wyandotte  asd  01  in 
Mathleson  for  the  reasons  emswrr; ted.  However,  the  Olln  Mathleson  unit 
has  been  revised,  and  this  revised  unit  is  now  in  use  at  Olln  Mathleson, 
Air  Reduction,  and  Amy  Ballistic  .-^Leslie  Agency. 

This  revised  ->-ring  te-rter  differs  from  that  shown  In 
figure  1  of  Mr.  Cuddy's  paper  in  out  major  respect;  that  Is,  the  bottom 
of  the  test  cavity  Is  not  vented,  and  Instead  a  diaphragm  is  placed  on 
top  of  the  0-rlng.  When  a  reaction  ensues,  venting  takes  place  through 
a  bole  In  the  piston.  This  modification  has  overcame  to  a  great  extent 
the  three  objections  raised  by  Mr.  Cuddy  to  the  first  0-ring  tester 
used. 

It  Is  believed  that  the  results  obtained  with  both 
testers  on  the  materials  tested  —  that  Is  the  alkyl  nitrates  —  are 
comparable.  The  result#  an  both  testers  were  obtained  by  utilising  the 
so-called  "ladder"  technique. 
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2.  The  data  reported  by  Mr.  Caddy  have  been  obtained  by 
Maintaining  a  constant  liquid  volume,  and  the  bubble  tine  la  varied  by 
varying  the  Indent  of  the  active  piston  face.  Consequently,  the  tota? 
volume  In  the  test  cavity,  including  liquid  and  vapor,  has  not  always 
regained  constant.  The  Olin  M&thleson  revised  tester,  on  the  other 
hand,  Maintains  under  constant  preccupressl on  conditions  a  constant 
total  volume,  and  varies  the  11 quid -vapor  ratio  by  a  careful  control 
of  the  filling  density.  It  has  bren  found  that  the  filling  density  is 
an  important  variable  when  other  conditions  remain  fixed,  as  can  be 
seen  from  figure  1.  In  consideration  of  these  data,  therefore,  one 
must  not  indiscriminately  select  a  filling  density. 

3>  One  may  believe  that  be  can  compensate  for  different 
drop -weights  used  by  adjusting  the  drop-height  to  give  a  constant  poten¬ 
tial  energy  in  the  weight  at  the  start  of  the  test.  This  haul  been 
shown  not  to  be  true  (figure  2).  These  data  were  obtained  with  water 
in  the  test  cavity,  and  show  that  the  energy  transmitted  to  the  test 
capsule  assembly  Is  significantly  different  as  the  drop-weight  is 
changed.  Apparently  the  velocity  being  Independent  of  weight  has  an 
Important  effect  on  the  amount  of  energy  transmitted  to  the  cavity. 
Conceivably,  it  would  be  preferred  to  compensate  for  different  drop- 
weights  by  assuming  a  constant  momentum  Input  as  the  drop-weight  is 
changed.  Of  course  the  reflections  of  the  energy  within  the  test 
capsule  assembly  will  be  changed  with  different  velocities  and  weights. 
Mr.  Cuddy  was  aware  cf  soma  of  these  effects. 

k.  It  has  been  determined  at  Aireo  that  v».  •**?.'■ 
tween  the  O-ring  and  the  blow-out  disc  during  reaction  is  extrr,:,*y 
critical.  In  an  effort  to  obtain  a  satisfactory  seal,  the  effect  oi 
precompression  was  Investigated.  It  has  been  found  that  •bor*.  - 
cal  precompression  value,  using  a  syrtem  with  well  lr'.*rivv>ted  ■*  „ 

10  ln-lbs  torque  gives  very  satisfactory  v*  ‘".  1Z'7.  -v  +!*s  V-st 

fuel  (0.03  cc  liquid  cample,  0.0153"  thiol  olaphrv<  lb  '--.'.suv)  >-<u 
only  a  2"  drop-height  Is  required.  On  V:  *  '•ti Used,  with  no  pra- 
compression  except  -that  Imposed  by  the  ie>  c  cf  the  free  parts  cf  the 
capsule  assembly,  a  drop-height  cf  5  ln-lbs  Is  required.  Furthermore, 
with  the  higher  torque  value  mertic-icd.  the  reproducibility  of  the 
results  le  increased. 

We  have  also  found  *  'vat  by  using  a  precompressed  0-ring, 
the  effect  of  the  varying  weight  of  different  0- rings  virtually  drops 
out  as  a  significant  parameter.  One  may  argue  that  the  ullage  varies 
as  the  weight  of  the  0-rlng  changes  even  though  a  constant  preccnpres- 
slon  la  used;  however,  it  Is  believed  that  this  is  Insignificant  when 
one  considers  the  extremely  small  changes  in  volume  that  can  result  If 
constant  density  O -rings  are  assumed  over  the  range  of  the  C-ring 

v— 1  gb+.« 

5*  If  one  considers  the  0-rlng  weight  as  a  variable,  as  has 
been  done  by  Mr.  Cuddy,  it  is  only  a a  Indication  of  sons  other  0-rlng 
factor  change  s»ch  as  a  variation  In  the  0-rlng  torus  cross-section 
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and  its  affect  on  filling  density  or  liquid  vapor  ratio,  as  veil  as 
the  durcmeter  -variation  due  to  rubber  density  change. 

In  this  connection,  also,  Mr.  Cuddy  mentions  that  normal 
variations  In  ambient  temperature  do  not  significantly  affect  the  re¬ 
sults,  and  proves  this  by  calculating  the  adiabatic  compression  tempera¬ 
ture  for  moderate  variations  of  ambient  temperature.  What  he  does  not 
sbov,  however,  Is  the  effect  on  dureneter  vith  temperature  vhlch  would 
determine  the  proportion  of  energy  absorbed  by  the  O-rlng  at  different 
temperatures.  It  Is  believed  from  our  vork  that  precampresslon  vir¬ 
tually  cancels  this  last  effect. 

6.  It  is  unfortunate  that  all  three  organisations,  Olln 
Mathleson,  Wyandotte,  and  Alrco  have  so  far  reported  extensive  results 
on  only  one  class  of  compound,  the  alkyl  nitrates.  Both  the  Wyandotte 
and  the  revised  Olln  Methleson  versions  of  the  O-rlng  tester  appear  to 
produce  reasonably  good  results.  What  is  not  known  Is  whether  or  not 
either  teeter  can  be  extended  to  use  on  other  families  of  materials. 

It  Is  granted  that  the  Wyandotte  tester  has  served  a  very  useful 
screening  purpose  ae  described  In  the  paper  by  Tait  and  Cuddy  entitled 
"De  sensitization  of  Liquid  Monopropellasts  to  Adiabatic  Air  Compression 
Impact  by  the  Addition  of  Ethylene  Oxide." 

Tram  the  limited  experience  vith  testing  other  materials 
such  as  nltromethane,  hydras ine,  unsymnetrlcal  dimethylhydraslne, 
lsopropenyl  acetylene,  and  dllsqpropenyl  acetylene,  we  have  not  been 
able  to  Initiate  decomposition  of  these  met*rH>0  e  at  the  zn.x)™x2 
available  drop-heights  of  75  Inches  when  usi.*'-;  condi¬ 

tions  that  would  cause  n-propyl  nitrate  Initiation  at  a  t's  ,k -height 
of  2  Inches.  It  is  agreed  that  materials  such  ae  the  hydrazine  and 
acetylenlos  are  quite  stable,  but  nitranethane  is  Jr*-.**'!'  J 
sensitivity  to  adiabatic  compression  activation.  Vi«a  oil'-  extent, 
one  then  can  question  the  universal  oe  the  r  to  c-v»r ing  «K»y 

materials,  without  varying  some  of  th;  v  .  wfjj. 

7.  Mr.  Cuddv  Mentions  t be  offset  of  Initial  temperature  and 
relative  humidity  on  the  adiabatic  compression  sensitivity,  and  con¬ 
cludes  that  under  normal  aziient  initial  conditions  for  a  material  with 
a  veak  vapor  pressure,  tampei’ature  dependence  would  not  be  significant. 
When  one  considers  such  materials  as  t-propyl  nitrate  or  nitranethane 
with  relatively  low  vapor  pressures,  the  fuel-air  mixture  ratio  in  the 
vapor  space  Is  not  too  far  Above  chs  lower  fl mm lability  limit.  Conse- 
questly.  If  one  wishes  to  Ignite  these  materials  at  their  auto- 
decomposition  temperature,  one  must  bold  this  temperature  for  at  least 
the  induction  period  which,  of  course.  Is  relatively  long  as  compared 
with  that  required  for  stoichiometric  mixtures.  In  the  drop-weight 
tester,  such  a  temperature  cannot  be  held  for  any  length  of  tlmej  and 
if  one  wishes  to  initiate  decomposition  In  a  drop  weight 

adiabatic  compression  temperature  must  be  well  above  the  autodecanpo- 
eltlon  temperature,  and  the  time  for  holding  the  vapor  above  the 
autodecompositlon  temperatu-e  above  the  liquid  must  be  sufficiently 
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long.  Perhaps  this  explains  vhy  nitramethane  appears  to  he  more 
difficult  to  ignite  than  any  n -propyl  nitrate. 

8.  It  Is  unfortunate  that  Mr.  Cuddy  did  not  include  the 
results  from  both  Olin  M&thleson  and  Alreo  on  n -propyl  nitrate  for 
the  two  different  testers.  It  Is  believed  that  sufficient  data  do 
not  yet  exist  to  regard  the  Wyandotte  tester  as  one  that  can  be 
reccmnended  for  vise  by  anyone.  However,  his  paper  should  be  regarded 
as  a  valuable  contribution  as  a  progress  report  on  the  development  of 
an  ultimate  tester.  In  this  connection,  as  Chairman  of  the  Canal ttee 
on  Monopropellant  Test  Methods,  I  wcild  like  to  caution  anyone  consider 
ing  such  a  tester  that  the  Canal  ttee  has  not  yet  reecnaended  any  tester 
for  general  use  at  this  tins.  It  Is  actively  reviewing  all  past  and 
current  work,  and  hopes  within  the  near  future  to  come  up  with  pre¬ 
ferred  equipment  and  procedures.  In  this  connection  It  should  be 
mentioned  that  Dr.  Tschlnkel  of  the  Army  Ballistic  Missile  Agency  has 
both  types  of  testers  and  is  running  tha  same  materials  in  both  testers 
Dm  results  of  his  work  should  be  of  value  to  the  Caemlttee  In  their 
selection  of  a  preferred  tester.  Whether  the  Wyandotte  unit  Is 
selected  by  the  Camnlttee  remains  to  be  seen. 
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Discussion  Prepared  by 
W.  P.  Knight 

Aerojet-General  Corporation 
Azusa,  California 

on  Jacob  Silverman  -  Robert  J.  Thompson  Paper 

EFFECT  CF  HYDROCARBON  FUEL  COMPOSITION  ON  ROCKET  PERFORMANCE 


I.  INTRODUCTION 


'Em  subject  of  the  paper  presented  by  Rockefcfyns  is  one  of  ex¬ 
treme  interest,  and  has,  for  a  considerable  period  of  tine,  been  the 
object  of  concern  of  rocket  engineers  and  propellant  chemists  involved 
in  the  use  of  hydrocarbon  fuels.  No  less  interested  have  been  the 
various  agencies  of  the  armed  services  who  must  consider  the  logistics 
problem,  and  the  members  of  the  petroleum  Indus4- -7  v* ;msl.  supply  r':e 
material.  This  subject,  the  effect  of  hydrocarbon  fuel  « :n.-  -r. 
rocket  performance,  is  of  special  interest  to  the  Aerojet-General 
Corporation  because  of  a  program  of  similar  nature,  although  oi  much 
lesser  magnitude.  In  which  they  have  been  engaged  for  so" 

Referee  Grade  JP-U  Fuel  Program. 

This  program  does  not  sneonpass  any  work  wi>.h  --as  -.ntor-.,  cut 
from  studies  on  other  projects,  both  e^qaerime^t.*!  xn ,  l.'iboreticul,  in¬ 
dications  are  that  aromatic  constituents  aro  undesirable  in  fuel  rich 
gas  generators.  Because  of  the  lower  heating  value  and  higher  carbon- 
to-hydrogen  ratio  of  these  species,  the  performance  will  suffer  and 
carbon  formation  is  enhanced.  This  wculd  be  an  especially  iiportant 
factor  for  use  in  long-range  ballistic  missiles. 

As  to  the  performance  in  a  thrust  chamber,  however*  Aerojet  has 
not  found  on  this  program  that  the  composition  of  the  fuel  has  any 
significant  effect. 

Time  does  not  perrrit  here  a  detailed  discussion  of  the  work  con¬ 
ducted  at  Aerojet  but  the  salient  points  of  this  project  and  a  few 
illustrative  results  will  be  presented.  Another  paper  on  this  subject, 
by  J.  N.  Barger  and  H.  B.  Ellis  of  Aerojet,  will  be  included  in  the 
published  proceedings  of  this  syrposium  and  may  be  referred  to  for 
additional  information. 
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II.  BRIEF  SUMMARY  CF  PURPOSE  OF  REFEREE  JP-h  FUEL  PROGRAM 

A.  OBJECTIVE 

The  objective  of  this  program  was  to  establish  a  "referee'1 
grad*  of  JP-U  fuel  representing  the  fuel  composition  which  would  be 
the  most  unreliable  in  a  rocket  e.igine,  yet  remain  within  the  speci¬ 
fications  set  forth  in  KIL-F-562UC. 

B.  REVIEW  OF  PROGRAM 


The  program  is  outlined  as  follows*  By  mutual  agreement  be¬ 
tween  the  Wright  Air  Development  Center  and  the  Aerojet-General 
Corporation,  eight  for  axlaticns  of  JP-J*  rocket  fuels  were  selected, 
and  the  Universal  Oil  Products  Company  was  requested  to  blend,  ana¬ 
lyze,  and  chip  the  fuels  to  Aerojet  for  evaluation.  These  formula¬ 
tions  were  chosen  to  represent  variations  in  the  aromatic,  olefinic, 
naphthenic,  isoparaffinlc,  and  normal  paraffinic  content  as  wide  as 
might  be  expected  during  war  or  peace-time  production.  The  formula¬ 
tions  were  held  within  the  limits  of  Specification  MIL-F-562UC,  except 
for  Blends  No.  7  and  No.  8,  in  which  the  olefin  content  was  Increased 
to  15  and  20£,  respectively,  because  the  specification  limit  of  $% 
would  not  allow  sufficient  variation  to  delineate  the  effects  of 
olefin  concentration. 

The  Universal  Oil  Products  Cornoany  ur<»vided,  with  the  feels,  a 
detailed  analysis.  A  sumnary  of  tne  ccqpc-'t  '.i  r‘  eight  blonds 

is  reproduced  herein  as  Table  I. 

Each  of  the  eight  blends  was  to  be  eval»»?M  '■>*•  •'  laboratory 

and  in  thrust  chambers.  The  laboratory  p'-cve  ri  r‘-  evaluation  com¬ 
prises  the  measurement  of  the  prop-r+de»  ih--  nation  of  the 

combustion  behavior  which  might  be  expert?  :  ..  influ'-v.r.  vc.ck>;:--:*n®ine 
performance.  The  fuels  vere  to  t.  uur:-  .  i".  thrust  chambers  with  IRFIIA 
and  oxygen  at  varies?  thrust  levels,  it tempts  were  to  be  made  to 
correlate  statistically  the  chemical  properties  and  the  cocposition  of 
the  fuel  with  thrust-chamber  performance,  operational  performance, 
operational  stability,  and  starting  and  shutdown  characteristics. 
Employing  these  correlations,  the  worst  concentration  of  each  com¬ 
ponent  that  is  variable  within  military  specifications  was  to  be  estab¬ 
lished,  and  an  especially  ioc+ored  "worst"  blend  was  to  be  formulated 
and  test-fired. 

Each  of  the  eight  special  JP-U  blends  were  to  be  test-fired  ac¬ 
cording  to  a  schedule  in  which  the  fuels  were  to  be  evaluated  with 
IRFNA  and  oxygen  at  various  thrust  levels. 

An  Aerojet-General  50-lb-t.hrust  starter  motor  was  employed  to 
determine  the  following  properties: 
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1.  The  minimum  glow-plus  temperature  required  tc  ignite  each 
blend  with  IRINA  aa  a  function  of  mixture  ratio  in  the  ranee  from  2.5  to 
6.0. 


2.  The  Bin! sum  spark  energy  required  to  ignite  each  blend  and 
gaseous  oxygen  at  the  optimum  mixture  ratio. 

3.  Ignition  delay  a a  a  function  of  mixture  ratio  and  glow- 
plug  temperature  (with  IRINA)  and  spark  energy  (with  oxygen) , 

4.  Characteristic  velocity,  c#,  for  each  test  firing. 

Each  fuel  was  to  be  fired  with  IRINA  and  oxygen  in  a  5000-lb  thrust 
chamber  to  determine  the  following! 

1.  Starting  characteristics 

2.  Steady-state  combustion  characteristics 

3.  Operational  stability 

4.  Shutdown  characteristics. 

The  thrust-chamber  chosen  for  this  work  was  an  LR-63  type,  develop¬ 
ing  5000-lb  of  thrust  at  a  chamber  pressure  of  335  pels.  This  chamber  is 
stable  in  operation,  rugged  in  construction,  end  has  been  qualified  for 
use  on  aircraft.  A  large  back-log  of  information  from  previous  test- 
firings  was  also  available.  The  L*  of  this  chamber  Is  48  in.  and  Ft  has 
a  contraction  ratio  of  3*1. 

In  order  to  study  tha  operational  stability,  the  thrv,,c  coax*:?  was 
equipped  with  a  pulsing  unit.  This  unit  will  initiate  pressure  .  •  .  illa¬ 
tions  in  the  thrust  chamber  by  suddenly  introducing  »  -u ,f  *<v*l 
amounting  to  a  10  to  100^  increase  in  fuel-flow  rat,  /<.*■  a  of  from 

3  to  5  millisec.  The  surge  in  chamber  preset’.,  pr .  -•  :  '  '.'ionjp, 

nature  of  which  should  bo  indicative  of  the  laha-vrl  C./uiUty  ..f  th*  pro¬ 
pellant  combination.  The  time  required  *hc  r.  <u»;  cion  of  steady-state 
operation,  the  amplitude  of  tJje  pressure  surge,  and  the  frequency  of  the 
induced  combustion-instability  w<iv*»  v**  to  bf  noasurcJ. 

The  "best”  and  “worst"  blends,  as  indicated  by  a  statistical  analysis 
of  the  data,  were  to  be  spot-checked  by  test  firings  at  thrust  levels 
other  than  50  and  5000-lb.  In  addit-  n,  a  special  blend  was  to  be  formu¬ 
lated  in  which  each  component  would  o«  peasant,  insofar  as  possible,  in 
the  amount  which  was  shown  to  be  most  detrimental  to  stable  operation. 

This  “doctored"  blend  was  to  be  fired  with  IRINA  and  LQX  at  the  thrust 
levels  employed  to  test  the  eight  special  Mends. 

III.  RESULTS 

* 

A.  STARTER  MOTOR 

1.  Minimum  Glow-Plug  Temperature  Required  for  Ignition 

n.% fa.  .ffga _ 


63 


CONFIDENTIAL 


Knight 


The  minimum  glow-plug  temperature  required  for  ignition 

_  —  determined  as  a  function  of  mixture  ratio  from  2.75  to 

I  6.0.  Because  the  larger  thrust  unit  was  operated  at  a  mixture  ratio 

i  of  li.O,  only  the  results  obtained  at  that  mixture  ratio  will  be  re¬ 

ported  here.  As  may  be  noted  in  Table  II,  the  eight  special  blends 
all  ignited  in  the  range  from  1100  to  litOO°F,  a  spread  of  300°F. 

2.  Ignition  Delay  with  IKFNA 

The  Ignition  was  measured  as  a  function  of  glow-plug 
tenperature  and  mixture  ratio.  The  ignition  delay  for  each  blend  de¬ 
creased  with  increased  glow-plug  temperature  up  to  1800°F,  at  which 
point  the  ignition  delay  became  essentially  constant  with  increasing 
glow-plug  temperature.  Table  III  shews  the  ignition  delay  at  lliOO  and 
1800°F  for  each  blend  at  MR  -  ij.O.  At  1800°F  the  ignition  delays  for 
all  eight  blends  were  within  6  millisee,  from  8  to  1U.  In  other  words, 
the  ignition  delay  for  all  eight  blends  at  1800°F  was  10  ±  3  millisee. 

3.  Minimum  Primary  Spark  Voltage  for  Ignition  with 

Gaseous  Oxygen 

With  oxygen  as  the  oxidizer,  an  automotive  spark  plug 
was  utilized  to  obtain  ignition.  The  energy  of  the  spark  was  control¬ 
led  by  varying  the  voltage  input  to  the  primary  coil.  Two  distinct 
energy  levels  were  found,  one  being  the  minion  primary  voltage  re¬ 
quired  to  obtain  any  ignition,  and  the  second,  higher  voltage  which 
gave  ignition  with  a  delay  repi  odacibiu  t  i  >  Table  IV 

illustrates  these  energy  levels  for  the  exgx.-'  ’ ■..*«  nds  tt  MR  »  2.3 

and  the  ignition  delay  at  the  reproducible  .evei.  Between  the  two 
voltage  levels,  the  ignition  delays  vat  lad  g r*»*.y  :nd  were  not  repro¬ 
ducible  in  any  manner.  At  135  volts  ii-nrl  bleeds  ignited  between 
5  and  13  millisee. 

D.  5000-lb  THRUST  CHAI^fT. 

1.  Starting  an i  Shutdown  Character iatlcs 

Ignition  in  the  thrust  chamber  was  accomplished  by 
means  cf  a  starter  motor  of  the  type  which  has  Just  been  described. 

As  far  as  ignition  characteristics  in  the  main  chamber  were  concerned, 
the  difference  from  u  ?  bland  to  another  was  no  greater  than  differ¬ 
ences  observed  in  replicate  tests  with  the  same  blend.  The  smajl 
differences  which  did  exist  in  the  starting  transients  were  as  bable 
to  variations  in  valve  opening  times  and  transients  in  the  men,  .ing 
instruments.  The  same  held  true  for  the  shutdown  characteristics. 

2.  Cfrerational  Stability 

a.  The  analysis  of  tests  st  steady-state  operation, 

385  psia  chamber  pre  sure  at  a  mixture  ratio  of  h.O,  indicated  no 
significant  chinges  in  chamber  pressure  variations.  In  other  words, 
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there  Mas  no  tendency  exhibited  by  any  of  the  fuels  toward  combustion 
instability. 

b.  When  the  fuel  pulse  was  utilised  in  an  attempt  to 
induce  combustion  instability  with  IRFNA,  the  chamber  pressure  in¬ 
creased  rapidly  to  a  peak  which  raried  with  the  different  fuels  from 
391  to  517  psia.  The  total  time  required  for  the  chamber  to  return  to 
normal  steady-state  operation  varied  from  28  to  70  ndllisec.  These 
times  were  reproducible  on  subsequent  runs  to  t  3  millisec.  Although 
the  values  of  these  parameters  vary  substantially  from  one  blend  to 
another,  they  are  not  considered  to  be  significant  in  the  operation  of 
the  thrust  chamber,  because  the  recovery  time  in  all  cases  was  actual¬ 
ly  extremely  short. 


c.  The  data  for  the  liquid  oxygen  tests  have  not  been 
totally  reduced  as  yet.  However,  It  may  be  stated  that  steady-state 
combustion  efficiency  and  stability  shew  only  minor  variations  between 
blends. 


3.  Performance 


The  information  available  on  performance  of  the  fuels 
at  this  writing  does  not  include  the  experimental  values  for  the  liquid 
oxygen  tests.  These  data  are  currently  being  reduced,  and  it  is  hoped 
that  the  figures  will  be  available  in  time  to  report  at  the  symposium. 

a.  Specific  Inpulse 

The  theoretical  specific  inpulse  wxs  ca1  r.V.ted 
for  each  blend  under  conditions  of  both  frozen  and  sM 
librium.  The  performance  with  IRFNA  was  calculate  '  ov„r  =.  :  'orr.-re 
ratio  rang9  from  2.5  to  5.5  and  with  bCX  eve*  th-  ■>v,  *«  ?>***•  1 . 5  to 
3.5*  All  the  calculated  inpulses  were  for  a  ch-mV-r  •/''insure  of  'JL~ 
psia  and  an  exhaust  pressure  of  Ub.7  psio. 

Table  V  presents  both  the  experimental  raid  theoretical  values  of 
lap  with  IRFNA  at  the  HR  enployed  in  the  5COO-lb  tlirust.  chamber.  It 
is  to  be  noted  that  the  maximal  difference  in  the  calculated  lap  among 
the  blends  is  2  seconds  of  impulse,  ranging  from  228  to  230  lb-sec/lb. 
These  differences  are  well  within  t 'e  1.5$  error  which  is  inherent  in 
the  thermodynamic  data  used  to  perform  une  calculations.  It  may 
therefore  be  stated  that  there  exist:.'  no  difference  in  the  theoretical 
performance  among  the  eight  fuels.  The  values  for  the  experimental 
specific  impulse  vary  'rom  197  to  208  jb-sec/lb.  At  first  glance  this 
appears  as  if  it  might  be  significant;  nowever,  the  calculated  standard 
deviation  is  only  1.5$,  yielding  a  mean  experimental  specific  inpulse 
for  the  eight  blends  of  203. !i  1  3*5  lb-sec/lb.  This  again  is  witliiu 
both  the  experimental  and  theoretical  error. 

b.  Characteristi  :  Velocity 

The  c*  values  for  the  eight  blends  were  calculated 
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for  shifting  and  frozen  equilibrium  with  both  oxidizers,  and  over  the 
same  mixture  ratio  ranges  as  were  the  specific  impulses.  Table  VI 
shows  the  experimental  and  theoretical  values  with  IRFNA  at  a  mixture 
ratio  of  U.O.  As  may  be  seen,  the  calculated  c *  values  with  IRFNA 
from  the  highest  to  the  lowest  varied  only  1*8  ft/sec,  not  enough 
difference  to  distinguish  between  blends.  The  greatest  variation  in 
experimental  c*  values  was  116  ft/sec.  The  standard  deviation  com¬ 
puted  for  the  experimental  values  of  c*  of  the  eight  blends  is  equal 
to  0.7W,  or  t  36  ft/sec.  The  mean  c*  is  therefore  U,602  1  36  ft/sec. 
Because  the  measurement  of  c*  in  this  apparatus  was  reproducible  to 
1  1*0  ft/sec,  it  is  obvious  that  no  differences  iq  the  8  blends  existed. 

IV.  COHCUJSIOMS 


A.  STATISTICAL  ANALYSIS 

The  services  of  the  Quality  Assurance  Division  of  Aerojet- 
General  Corporation  have  been  utilized  from  the  inception  of  the 
Referee  Fuel  Program  to  set  up  the  test  program  in  such  a  manner  as  to 
provide  the  most  meaningful  data  insofar  as  possible  within  the  scope 
of  the  contract.  As  a  result,  the  chemical,  physical  and  combustion 
properties  of  the  eight  special  JP-i*  fuel  blends  have  been  analyzed 
statistically  for  correlation  among  the  various  3ets  of  data,  and  this 
information  used  in  forming  the  conclusions  reached  to  date. 

B.  STARTER  MOTOR 

The  conclusion  drawn  from  the  ignition  toets  xs  that  any 
JP-li  within  the  limits  of  MIL-F-562UC  will  Ignite  r.  Vlsfactorily  with 
IRFNA  at  sea  level  pressure  and  room  tenperstr  o  .om'ltions  in  an 
Aerojet  starter  motor  at  a  glow-plug  te.>ye rater-'-  .*  1?00°F  or  higher, 
and  with  gaseous  oxygen  at  a  miaiiSUX  vs? ‘"Lie  of  1?5  volts  for 

the  spark  plug. 

C.  5000-lb  Thi’UST  CH/.’iBDR 

It  was  cor.clu  Vid  from  the  tests  conducted  on  this  program 
that  a  fuLly  developed  thrust  chamber,  such  as  was  utilized,  will 
start,  run,  and  shutdown  satisfactorily  using  a  wide  variation  in  JP-U 
fuels.  There  were  insul  *" cient  differences  noted  in  the  operational 
characteristics  of  the  fuel  Diends  in  this  engine  to  conclude  thet  any 
particular  composition  was  inferior  to  any  other. 

V.  ADDITIONAL  iZEMARLJ 

Because  of  the  conclusions  that  no  "worst  blend"  was  evident 
among  the  hydrocarbon  fuels  tested,  no  special  composition  embodying 
the  undesirable  constituents  of  JP-lt  is  possible.  In  lieu  of  formu¬ 
lating  and  testing  such  a  fuel,  Aerojet-General  Corporation  will  test 
the  eight  JP-h  blends  in  a  thrust  chamber  of  15-in.  diameter,  operating 
at  the  7,500-lb  thrust  level.  In  addition  to  the  fuel  pulse,  a  tan- 
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gential  mode  of  high  frequency  instability  will  be  induced.  Because 
large  rocket  engines  are  frequently  subject  to  such  instability 
characteristics  it  is  believed  that  the  data  will  be  useful  in  apply¬ 
ing  the  performance  characteristics  of  the  varied  JP-U  compositions  to 
very  large  thrust  chambers,  thus  reducing  the  amount  of  extrapolation 
of  data  from  smaller  thrust  chambers  that  is  necessary  at  the  present 
time. 
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TABLE  II 

MINIMUM  GLCW-PLUG  TEMPERATURE  REQUIRED  FOR  IGNITION 
IN  STARTER  MOTOR  WITH  IRFNA 


MR 

-  h.o 

Blend  No.  1 

liiOO°F 

2 

1200 

3 

1300 

h 

1100 

5 

1200 

6 

1200 

7 

1300 

8 

1300 
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TABLE  III 

IGNITION  DELAY  IN  STARTER  MOTOR  WITH  IRFNA 
MR  -  U.O 


Glow-Plug  Temp. 

liiOO°F 

1800°F 

Bland  No*  1 

19  Millisec 

13  Millisec 

2 

16 

1U 

3 

13 

11 

U 

11 

9 

5 

10 

8 

6 

Ml 

V. 

7 

11 

b 

8 

17 

r 
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CEHERAL  DISCUSSION 

P.  D.  CAESAR  (Socony  Mobil  Oil  Company,  Inc.):  I  have  « 
couple  of  point*  on  Dr.  Thompson's  paper  that  I  would  like  to  oak*. 
First,  Z  would  like  to  reed  one  passage  in  his  paper  that  has  worried 
me  quite  a  hit.  He  states:  "Within  the  limitations  of  the  extensive 
chemical  analyses  of  Sable  III  (and  they  are  quite  extensive,  sane 
five  pages  worth)  the  standard  thinner  fuel  Is  in  all  respects  equiva¬ 
lent  to  the  JP-5P  and  like  JP-5H  meets  the  specification  requirements 
of  RP-1.  Tet  its  performance  is  distinctly  lower." 

There  is,  however,  on*  significant  difference  In  the  prop¬ 
erties  of  those  two  fuels.  The  ratio  of  CHg  to  CH3,  in  other  words, 
the  degree  of  chain  branching,  in  the  JP-5H,  is  twice  that  of  the 
standard  thinner.  How  this  may  not  seen  to  be  a  critical  difference, 
but  if  you  look  at  fuels  in  other  combustion  systems,  you  realise  the 
effect  that  molecular  structure  has  on  the  combustion  properties  of 
saturated  hydrocarbons.  I  refer  to  gasollre  in  particular.  This 
difference  in  CH2/CH3  ratio  la  a  very  concrete  difference.  I  am  not 
at  all  surprised  (by  analogy)  that  it  affects  same  combustion  character¬ 
istic  of  Jet  fuels. 

I  would  like  to  stree a  one  more  thing  with  a  word  of  caution. 
It  is  a  great  temptation  on  the  basis  of  experimental  and  theoretical 
evidence  to  make  specifications  that  posMb'v  V*  met  ir  time  of 
peace,  but  are  very  tough  to  meet  in  national  vbon  yrr.x 

really  need  these  fuels  in  large  quantities.  i»  rtv  aevm  vary  easy 
on  paper  to  knock  down  the  aromatic  coster',  from  to  5  percent.  It 
can  probably  be  done  in  many  refineries  in  parget  But  in  a 
national  emergency  this  might  be  very  U>>i-  -o  realise. 

IF..  TBPMPSOIf :  I  will  coamont  brief. ,  Hr. 
points  here , 

Taking  the  second  point  first,  I  was  very  aware  of  this  and 
we  wrestled  many  hours  with  the  economies  that  have  yo  be  made  between 
optimum  desirability  and  optimum  availability.  W*  would  like  to  have 
more.  We  didu  t  try  to  go  <?»± .f  that  far  for  thle  particular  applica¬ 
tion.  I  don’t  think  this  Is  .'*  place  to  get  Into  logistic  discussions. 
For  this  particular  application,  vhicfr  Is  for  the  larger  rocket  engine; 
for  the  ballistic  miss*  las,  the  requirements  are  not  anything  compar¬ 
able  to  those  for,  let’s  say,  operational  aircraft.  Each  one  of  these 
-  hlngs  Just  filet  once  and  so  we  are  not  really  talking  about  a  vast 
quantity  of  material  even  in  time  of  emergency  in  the  sense  that  one 
thinks  of  a  more  conventional  aircraft  fuel. 

And  the  first  point,  I  think,  is  very  well  taken.  W*  had 
given  same  consideration  to  that  chain  branching  effect.  Perhaps  it 
would  have  been  better  to  say  that  Urls  illustrates  a  rather  fine  type 
of  difference  that  you  are  not  going  to  get  out  of  the  ASTM 
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specification  and  lndloates  that  thara  may  be  significxrt  difference* 
tea  to  a  rather  fins  point  of  structure  that  is  not  going  to  be  easily 
detectable  by  the  normal  specification  tests. 

M.  J.  ZOCBOW  (Purdue  University);  1  would  like  to  ask 
Dr.  Thompson  two  questions.  One,  what  is  the  L*  you  assumed  for  the 
fuels;  two.  what  do  you  think  the  results  would  be  If  you  had  investi¬ 
gated  fuels  at  different  values  of  L*7 

ER.  TBCMP90W!  On  the  first  one,  I  would  say  It  isn't  as  low 
as  we  tested  srd  these  motors  get,  but  the  tendency  is  downward. 
Certainly  we  did  deliberately  choose  low  L*  trying  to  accentuate 
differences  within  the  limitations  of  Instrumentation  for  the  rela¬ 
tively  email  motors  In  the  2500  to  300,000  pound  thrust  range.  It  Is 
pretty  hard  to  find  things  which  are  below  l£  and  1-1/2 f.  Even  at 
this  L*  the  differences,  for  example,  between  the  normal  paraffins  and 
the  aromatics  presented  to  us  are  pretty  close  to  what  you  calculated, 
so  that  we  gained  some  confidence.  I  don't  knar  what  this  proved 
necessarily,  but  it  Is  comforting  to  see  that  they  cams  In  the  same 
order  as  one  would  calculate. 

I  think  the  thing  that  you  have  to  remember  is  that  In  the 
large  engines  for  ballistic  missiles  we  are  struggling  to  get  a  degree 
of  precisian  and  accuracy  In  rocketry  that  nobody  even  worried  about 
before.  Admittedly  our  present  lne*nvwentatlcr;  1  w't  really  good 
enough  In  all  cases  to  detect  the  differences  wh:  W-  vr  iryr  v.:.ti«&l«ly 
will  be  important,  but  we  ought  to  meet  the  variation.-*  veil  be_ov  if 
If  we  are  going  to  make  things  reasonably  eas-/  for  V  g,  jwople  vho  have 
to  worry  about  guidance  mixture  ratio  control,,  eXfir,  rad  so  forth. 

A  if  difference  In  performance  laqposes  quit'  «.  .  trelti  ;m  the  rest  of 
the  systems . 

MR.  !Ur?i  I  have  ora  question  far  .*«  h  sweater.  The  first 
one  for  Hr.  I  tb4 Is  sasnwfaat  .-rtl*.ted  to  Dr.  Zucrow's 

question.  If  tbs  data  were  reported  In  terra  of  theoretical  perform¬ 
ance,  I  might  be  leas  confused.  If  theoretical  calculations  are  made 
on  the  performance  of  hydrocarbons,  Z  would  appreciate  a  difference 
in  performance  between  p*r*xXln  ax  2  aromatics  di.pcnJlng  ou  tboir  heats 
of  formation.  Locking  ^Lese  data  I  am  unable  tc  tell  Whether  the 
difference  In  the  experimental  perf oraance  is  tee  to  combustion 
efficiency  or  merely  due  to  the  thermodynamics  of  the  system.  Bob  can 
perhaps  answer  this  question  for  me:  Was  there  a  decided  difference 
between  the  combustion  efficiencies  of  the  various  hydrocarbon  systems? 

The  second  question  is  for  Mr.  Knight,  and  I  must  admit  it's 
sort  of  a  dirty  question.  I  think  most  of  you  here  are  aware  of  my 
previous  work.  We  found  considerable  difference  In  the  performance 
characteristics,  in  this  case  combustion  stability,  depending  on  the 
aromatic  content  of  the  various  fractions  In  JP  fuel  systems.  As  I 
Interpret  Bill's  statements,  In  their  engine  there  was  no  appreciable 
difference  with  combustion  stability  characteristics  of  any  of  the  JP 
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fuels  they  tested  ~  end  this  Is  tbs  dirty  pert  of  ay  question  —  If 
this  Is  true,  how  does  one  Interpret  the  difficulty  encountered  In  the 
acld-JP-4  system  In  sn  engine  such  as  BOKARC  particularly  In  respect 
to  the  method  used  in  solring  the  problem T 

IB.  TBOMPflOW:  On  tout  first  question,  I  did  not  take  time 
to  explain  Just  how  these  data  were  arrived  at.  I  think  it  la  explained 
In  the  text.  Everything  was  reduced  to  the  basis  of  nr— on  pressure  and 
expansion  ratio.  They  are  all  compared  at  300  pal,  and  the  expansion 
ratio,  that  I  don't  resmfcer,  but  It  Is  consistent  throughout.  We  were 
more  Interested  In  the  real  differences  than  in  the  percentage  of  the 
theoretical  differences.  However,  at  the  5~lneh  L*  I  think  It  la 
obvious  that  these  things  did  not  11ns  19  thsrmndy— cei i y  —  the 
olefins  In  acme  cases  Lad  a  high  combustion  efficiency,  pretty  near 
Infinity,  down  to  the  materials  like  the  heavy  alkylate  which  was  per¬ 
haps  on  the  order  of  85 

Wow  the  20-inch  L*  -  these  things  and  out  remarkably  well. 

I  think  almost  all  the  combustion  efficiencies  could  be  characterized 
as  96  *  1^.  They  were  surprisingly  consistent  in  the  combustion 
efficiency  compared  to  theoretical  calculations  for  all  the  fuels 
tested. 


W.  KHICgfft  I  have  not  been  particularly  close  to  the 
problem  of  combustion  stability  in  the  BCtfAPC.  However,  I  do  know  they 
have  found  mechanical  problems  In  the  system  which  was  leading  to  part 
of  this  Instability.  I  understand  there  haw.  arc  «rtdlr*r? ren  recently 
of  having  seme  low  frequency  Instability,  but  T  Law  >*j  coni'  ’  rmitlon  of 
this,  nor  any  information  as  to  what  might  b#  ins  iam. 

We  are  also  planning  to  try  same  b? - 1  ?rn\*ene7  Instability 
on  these  .IP-4  blonds.  Ttou  will  hear  a  r'-pc”  jatcr  by  Mr.  Ellis  of 
Aerojet  who  will  describe  some  of  his  so «r*  -io  -  >  It  c.  TVs 
study  will  1. elude  our  eight  blends  so  ttai  w-  wijj  have  scan  high 
frequency  instability  data  on  tbs*.  ZLi."  Ac  a  relatively  low  fre¬ 
quency  instability  IzSncsii  by  the  pulse  vl*  uh  I  Just  described  and  we 
hope  to  find  same  differences  among  the  blends  wit*,  our  high  frequency 
technique. 
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FEHFOCTttrttas  or  TOgnMaagBrnamB^jaMP  icteric  acid 


i  » l  WMZ'tj  w  iWyAT^iV^T^ln^i  i  M 


by  R.  J.  Sippel,  D.  H.  Couch,  Stanley  Singer 
(Pretested  by  Dr.  Singer) 

CC  S&val  Cruuemce  Teat  Station 

(See  pages  192  tc  207,  Volume  1,  PPL  212/13) 


PRSPARKD  PI9CU33T0W 

by  Robertson  Youngqulst 
Reaction  Motors,  Inc 

(See  following  page,  78) 
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Discussion  Prepared  ny 
Robertson  Toungquist 
Reaction  Motors,  Inc. 

Denvllle,  Rev  Jersey 

on  N.  J.  Sippel,  D.  H.  Coach,  Stanley  Singer  Paper 
THE  PERFORMANCE  OR  UNSIM-:nMBTHnaYI»AZOT  NITRIC  ACID 
IR  A  MOTOR  AT  VARTETO  THRtJST  LEVELS 


Tha  contributions  aads  by  tbs  ROTS,  In  tbs  course  of  tbs 
LAR  program,  to  ths  high  pressure,  high  performance,  high  loading  den¬ 
sity  rocket  motor  with  nitric  acid  propellants  are  well  known.  In  the 
present  paper,  the  authors  hare  made  a  further  useful  contribution  by 
exploring,  initially  at  least,  the  subject  of  variable  thrust  with 
fixed  injection  in  tins  type  of  rocket  motor  operating  on  RFNA/dDMH. 

The  results  of  the  work  raise  tone  interesting  questions. 
First,  why  does  c*  drop  ofi  so  aLarpl^  t-_*  •«’  at^it  tfc*  pti  chamber 
pressure  level?  Is  it  a  result  of  some  cr-tio*,.  .syrUoojMVs. :.c  affect 
in  injection?  Or  is  it  a  result  of  sons  *bar  p/Nsssure  dependency  of 
burning  rate  of  the  propellant  combination?  i>'  it  feasible  to  design 
high  fi equency  combustion  instability  ini',  the  iSi-ehamber-preasure 
regi’~r  so  as  to  raise  combustion  effl'ir.  therein  while  avoiding  the 
more  destructive  combustion  instability  u  *;  s  Vic*  i.!’«mber  p-assure 
regime?  V>c  answers  to  such  quest  ion?  :«.n  slditloiieJ  'rmt.,z»  loi 

achieving  h\yh  c*  at  low  pressure. 

Second,  what  is  the  source  of  the  scatter  in  some  of  the 
c*’s  in  the  higher  chamber  pressure  range?  If  due  to  the  use  of  pres¬ 
sure  averages,  can  it  be  properly  reduced  by  a  more  refined  weighting 
of  the  data?  Or  does  the  determining  of  trv*  effective  chamber  pres¬ 
sure  require  a  different  aea firing  technique?  Is  ths  scatter  instead 
due  to  actual  differences  in  injection  and  combustion  conditions  be¬ 
tween  runs  m»d*  under  nominally  Identical  dssign  and  operating  condi¬ 
tions?  If  so,  what  actually  accounts  for  thsss  differences  and  what 
remedy  can  be  applied  to  yield  the  reproducibility  of  c*  desired  for  a 
missile  application? 

Ve  can  be  sure  that  these  questions  liftve  been  asked  by  the 
authore  of  themselves  and  v  axpect  that  further  investigations 
into  them  may  be  reported  *  »ture  meetings. 
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ER.  BIRGER:  Many  additional  thrust  level  tests  have  been 
made  with  the  f’EKUkR  since  the  results  reported  in  the  preprints  of 
this  Syapoeiua.  Several  new  factors  which  markedly  affect  performance 
have  been  noted:  (l)  Oxl Alter -fuel  ratios  of  2.4  or  less  can  lead  to 
combustion  instability,  (2)  At  mass  flow  rates  greater  than  12.4  lb/sec 
C*  decreases,  (3)  At  higher  propellant  flow  rates  (greater  than  ea  12 
lb/ sec)  oxldlser-fuel  ratios  above  2.6  decrease  C*  markedly  alt] lough  a 
relatively  small  change  In  loading  density  rate  may  occur.  High  C*  as 
reported  In  a  few  of  the  tests  In  the  paper  requires  careful  adjustment 
of  these  factors.  It  appears  that  at  the  higher  flow  rates  C*'s  of 
5, 000  fps  cannot  be  obtained  reliably,  but  that  lower  values  of 
ca  4,500  fps  are  obtainable  without  excessive  precision  in  con+rol  of 
the  factors  mentioned.  It  may  be  noted  that  performance  differences 
pointed  out  by  Mr.  Young quiet  In  "nominally  duplicate"  tests  of  Table 
2  may  be  correlated  In  part  with  the  aid  of  these  factors. 

W.  L.  DOYLE  (Research  Institute  of  Tangle  University) :  I 
have  Just  one  question.  1  was  looking  at  the  deflector  rings.  Just 
how  much  trouble  do  you  have  In  cooling  or  melting  problems,  say, 
particularly  in  high-temperature  regions? 

DR.  SIHGER:  Ve  don't  cool  the  deflector  ring.  This  motor 
Is  cooled  only  around  the  nozzle..  Li  ter*"1-'  '<7:*  a  cf  conbu  'cl  or  In¬ 
stability  the  deflector  ring  is  eroded  or  melted,  u  v  -,r>  ,0^  pslon 
the  Inner  surface  of  the  deflector  ring  is  r.jt,  a 1  lac  bed  at  all,  but  the 
outer  face  Is  eaten  away;  and  if  the  teet  i».  cov.t.lawl  long  enough  this 
erosion  gradually  works  Its  way  into  the  dr  fir  .’t'*  watch  Is  In  contact 
with  the  liquid. 

Mr.  i’fningqulet's  suggestions  ’.ere  •  «*ry  i  by 

lleve  that  the  .V  ta  we  have  nerj  show  v*  wt  Ugh  frequency 

combustion  instabl?  Ity  wher  >e  want  to  at  i  t.e  lower  chamber  pressures 
and  lower  flow  rates,  end  p-rb»ps  lncrer.ee  0*  by  this  method.  I  men¬ 
tioned  seme  of  the  factors  by  wfc4ch  this  might  be  done  by  the  change 
In  the  ratio,  although  we  are  not  sure  how  c'eltiate  this  adjustment 
has  to  be  right  now. 

MR.  DOTLB:  I  think  you  misunderstood  my  question  Just  a 
little  bit"!  X  didn't  menu  the  deflector  ring  cooled.  You  see,  the 
question  was  the  cooling  of  the  :.*ing  would  be  by  the  Impingement  of  the 
propellant  ring.  I  did  not  mear  that  the  ring  Itself  cooled.  That 
might  be  possible,  though. 

DR.  BTt» TgRt  Yes,  the  observations  on  erosion  Just  mentioned 
Indicate  tSat ' tKe  Inner  surface  rf  the  ring  Is  cooled  by  the  propellant 
flow.  On  the  deflector  ring  be-  •  the  streams  of  oxidizer  and  fuel 
there  are  occasionally  observed  iMdail  lines. 
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DR.  gOBQCjgRMB;  I  think  a  number  of  Dr.  Young qui st' s  ques¬ 
tion*  can  easily  be  answered  by  examining  the  paper. 

Saving  been  closely  associated  with  the  original  development 
of  this  injector,  I  can  say  that  this  Injector  waa  designed  for  differ¬ 
ent  design  conditions  than  the  ones  under  which  It  Is  used  now.  This 
injector  was  designed  to  give  good  combustion  efficiency  with  a  small 
pressure  drop  If  a  core  of  hot  gasses  generated  by  a  separate  solid 
propellant  wi  added.  This  centrally  located  hot  flame  is  used  to 
Ignite  and  evenly  distribute  the  propellants  over  the  combustion  cham¬ 
ber.  In  the  tests  presented  In  this  paper,  however,  the  core  of  hot 
gas  was  omitted  and  the  injector  had  to  work  like  any  other  injector. 
That  means  that  It  must  rely  on  atomisation  of  the  liquid  In  order  to 
obtain  a  good  combustion  efficiency  and  a  high  C*  value.  This,  however, 
required  a  very  high  pressure  drop  because,  as  I  said  before,  the  in¬ 
jector  was  not  designed  for  this  condition. 

If  you  look  at  the  results  presented  In  this  paper  In  Table 
U  you  will  see  that  one  obtains  high  ecr  bust ion  efficiency  only  with 
high  pressure  drops.  The  way  this  injector  was  originally  designed, 
one  cannot  get  a  high  C*  without  a  central  Igniter  flame  at  low 
pressure  drops.  I  think  we  have  explained  the  results  presented  in 
this  paper. 


DR.  BIWQgR;  Dr.  Roeggerath  brought  up  seme  complex  questions 
on  which  ve  feel  we  have,  fell,  rciT-  icVi*  fisrussion  if  not  actual 
answers.  Our  recent  studies  have  lei  u?  tc.  U.<  Vc -*>  Ihi;  r-hc  gee  Jot  In 
the  LAR  as  it  is  now  used  If  appli  d  In  the  .roall  diamvter  PEMLAR  cham¬ 
ber  may  actually  cause  a  slight  deorea  .c  in  performance  because  the 
volume  in  tie  chamber  is  limited. 

We  ere  going  to  study  ct  vv  clo-sly  end  also 

study  t b?  liquid  flow  phenomena  chat  lav*  i'  „*d.  fifODv-.-;. ,  for  iios. 
that  the  (.*  drops  at  the  lower  f.cw  tc.,  fcs  D* .  Roeggerath  mentioned, 
I  believe,  ’a  correct.  I  believe  it* .«  is  due  to  a  loss  in  the  velocity 
of  the  liquid  streams  > which  results  'm  poorer  mixing. 

MR.  TCKMZT:  The  next  paper  'VpM'ts  slightly  from  the 
general  theme  of  pro^elianr-i,  but  it  ie  probably  of  utmost  importance 
to  the  entire  rocket  field. 
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THE  TABCBgmAL  HOPS  OP  OCMBPariOH  PratABnjETT 

by  R.  S.  Pickford  &  E>  B.  till* 

( Presented  by  Dr.  Sill*) 
Aerojet-General  Corporation 

(gee  pages  208  to  259 t  Voliwe  1,  PPL  212/13) 


PREPARED  PI3CC3SIOR 

by  Jerry  Grey 
Princeton  Uhirereity 

(See  following  pages,  6.'  w  J,;  • 
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discussion  Prepared  by 
Jerry  Grey 

Princeton  University 
Princeton,  New  Jersey 

on  R,  S.  Plckford  and  H.  B.  Ellis  Paper 
THE  TANGENTIAL  MODE  OP  COMBUSTION  INSTABILITY 


The  authors  have  described  an  Investigation  of  a  crucial 
problem  which  has  faced  the  designer  of  large  liquid-propellant 
rocket  engines  for  years,  and  they  are  to  be  commended  on  the 
excellence  and  significance  of  their  study.  The  paper  presents 
quite  comprehensive  experimental  results  on  the  subject  of 
tangent  la  I -mode  instability,  and  clearly  describes,  for  the  first 
time,  its  detailed  characteristics.  Pickford  and  Ellis'  analysis 
of  their  observations  Is  direct  wr- '  ■  -  h,  ct !  ‘  led,  and  r.'ov'dn-,  a 

complete  phenomenological  description  cf  tangt..;  ,«■»!  .  >  !*y. 

The  use  of  ^notogiaphic  mefhod  .  In  this  study  provided  an 
excellent  description  of  the  cave  motion  occurring  in  the  chamber; 
however,  there  appea  -s  to  be  sorr>_  !dencfc  +hat  the  observed 
phenomenon  is  not  necessarily  j  pa>  M  's40hf*  .*••  «■  or  -ven  a  strong 
shock  wave.  Although  there  is  no  doubt  that  Ci*  v-ust  Ion  recurs  n'orig 
the  wave  frent  as  it  rorates  arounu  tn*-  '  ,  ihe’e  appears  to 

be  no  positive  indication  cf  u  d  I  sect  nulty.  The  pressure  data 
of  cigure  9,  although  Indica'lng  a  larg*  rate  of  pressure  rise  due 
to  the  high  frequency  with  wlch  the  wave  passes  the  gauge  diaphragm, 
does  not  demonstrate  the  nearly  vertical  character  I s+!c  which  would 
occur  with  the  passage  r r  a  d' scout inulty,  particularly  If  It  Is 
noted  that  the  time  between  ne  '<s  of  tne  trace  shown  in  Figure  9 
represents  a  full  360°  o *  wave  travel  around  the  chamber.  This  Is 
further  borne  out  bv  the  map  of  Instantaneous  chamber  wall  pressures 
shown  in  Figure  13,  Indicating  the  smooth  pressure  variation  which 
would  be  obsorved  during  ordinary  combustion  following  the  wave. 

The  most  significant  Indication  that  the  observed  pattern 
Is  that  of  a  relatively  smon+h  combustion  wave  Is,  however,  the 
measured  wave  velocity  of  approximately  6,800  ft/sec  which,  for  a 
sound  velocity  of  approximately  3,800  ft/sec  In  the  high-temperature 
combustion  gases,  represents  almost  exactly  the  tangential  acoustic 
velocity  of  1.841  times  the  speed  of  sound  (I).  For  comparison.  If 
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the  wave  were  a  full  Chapman-Jouget  detonation,  !t  would  propagate 
at  a  Mach  number  of  the  order  of  3,  or  about  10,000  to  12,000  ft/sec, 
and  experience  t>  stagnation  pressure  ratio  across  the  wave  of  over 
100  to  I  (2). 

Further  Indications  that  the  observed  luminosity  pattern 
is  that  of  an  ordinary  "slow  combustion"  wave  Is  provided  by  the 
velocity  map  of  Figure  13,  whose  gas  velocities  upstream  and  down¬ 
stream  of  the  wave  fall  clearly  within  the  domain  of  "slow 
combustion"  as  defined  In  (2).  In  view  of  this  evidence.  It  appears 
that  the  rapidity  of  combustion,  although  definitely  accelerated 
by  the  pressure  wave  and  Its  associated  temperature  rise,  does  not 
approach  the  speed  required  for  even  a  "partial  detonation." 

With  respect  to  the  experimental  cataloguing  of  the 
characteristics  of  the  tangential  mode,  one  of  the  most  Interesting 
facets  explored  by  the  authors  Is  the  effect  of  Increasing  chamber 
diameter,  in  addition  to  the  basic  Justl f leaf tm  of  their  analysis 
provided  by  these  data,  the  fundamental  symmetry  of  the  wave  pattern 
Is  demonstrated  by  the  counter-rotating  fronts  observed  In  the 
larger  motors.  The  chief  point  of  Interest,  however,  carries  beyond 
the  scope  of  the  research  described  by  Plckford  and  Ellis  Into  the 
general  probem  of  scaling,  particularly  with  respect  to  the  high- 
frequency  transverse  modes  of  instability.  A  logical  and  extremely 
useful  consequence  of  this  research  would  be  to  observe  the  effect 
of  various  parameter  variations  on  the  iype  anb  ir.te-nlty  c<  tv; 
resulting  modes  of  Instability.  The  authors  have  Indicated  soar*, 
work  along  this  line  by  their  changes  In  Injector  spud  alignment  and 
chamber  pressure,  as  well  as  charter  diameter.  A  systematic  program 
of  this  type  would  be  of  considerable  sicr.’f  Icance  In  outlining 
some  of  Ihe  parameter  variations  which  vav.~  een  suggested  in 
various  scaling  rules  (e.g.,  3).  Some  ci  the  infor  v*  on  wii  ch  ’-Irht 
be  supplied  by  such  a  program.  In  addition  to  *•'  direct  effects  on 
transverse-mode  instability  of  parameter,  suen  es  chamber  pressure, 
chamber  diameter,  mixture  ratio,  orlf'ce  spacing,  propellant  velocity. 
Impingement  characteristics,  thrust  level,  amplitude  of  "trigger" 
burst,  etc.,  would  be  the  gene-al  sensitivity  of  this  form  of 
Instability  to  changes  in  +*c  basic  dimensionless  groups, 
sensitivity  to  so-called  "linear"  aid  "non- i inear"  Initiations  of 
Instability,  and,  perhaps,  the  fundamental  question  of  relating 
heat  transfer  rates  to  stability  behavior. 

One  final  point  should  be  made  with  regard  to  the  overall 
philosophy  of  Ine  subject  paper.  Its  purpose  is  clearly  to 
catalogue  and  describe  as  accurately  as  possible  what  happens  in  a 
rocket  chamber  during  the  existence  of  a  tangent  In  I  mode  of 
ins+aoillty.  It  Is  the  opinion  of  this  author  that  Plckford  and 
Ellis  have  succeeded  admirably  In  performing  this  function.  However, 
It  Is  also  the  opinion  of  this  author  that  the  fundamental  question 
which  must  be  answered  before  this  form  of  Instability  can  be 
totally  eliminated  is  not  "What  is  happening?",  but  rather  "Why  Is 
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It  happening?".  Specifically,  the  overall  answer  to  combustion 
instability  problems  lies  In  a  complete  description  of  the 
mechanism  by  which  natural  modes  of  chamber  gas  oscillation  are 
coupled  to  the  combustion  process  so  as  to  provide  reinforcement  of 
these  modes,  and,  further,  the  manner  In  which  this  coupling  Is 
affected  by  parameters  which  can  be  manipulated  by  the  thrust 
chamber  designer.  Considered  In  this  light,  the  research  described 
by  Plckford  and  Ellis  has  provided  considerable  enlightenment 
concerning  the  nature  of  the  phenomenon,  and  has  appreciably 
shortened  the  road  to  eventual  elimination  of  a  crucial  problem  In 
rocket  motor  technology. 
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DR.  ZUCRCW:  I  didn't  cone  her*  prepared  to  discuss  what  ve 
were  doing  in  this  field  at  Purdue  University.  I  aa  of  the  opinion 
that  ve  should  study  these  phenomena  quite  fundamentally,  and  at 
Purdue  we  have  been  studying  what  happens  with  premixed  gases.  Ve 
have  compiled  a  list  of  variables  which  aay  influence  combustion 
pressure  oscillations.  To  study  the  influence  of  each  ore  of  them 
separately  is  going  to  take  a  long,  long  time . 

It  is  true  that  a  lot  of  time  and  money  has  been  spent  study¬ 
ing  combustion  pi*»*ure  oscillations,  and  that  such  of  the  effort  is 
not  too  fundamental,  I  will  agree.  One  oust  realise,  however,  that 
Institution*  which  have  no  responsibility  for  the  delivery  of  hardware 
can  be  very  fundamental.  The  poor  chap  ;v  has  the  responsibility  of 
delivering  hardware  to  the  Army,  Havy,  or  the  Air  Porte  on  a  time 
schedule  must  have  pretty  quick  fixes  if  he  is  U;  trouble  and  expects 
to  stay  in  business.  I  think  Dr.  gills  did  an  extraordinary  Job  in 
giving  us  insight  into  what  one  can  do  to  get  himself  out  of  difficulty. 
I  think  he  deserves  great  congratulations  from  us  all  in  the  rocket 
motor  industry. 


m.  TQRjgT!  The  next  paper  involves  the  subject  of  regenera¬ 
tive  cooling.  We  have  had  papers  on  propellants,  propellant  perform¬ 
ance,  instability,  combustion  instability,  throttling  action,  and  beat 
trsmsfer.  This  is  the  first  paper  which  deals  with  '>•  />•  , 

pe Hants  tc  r«gcr.crative  coolants. 


PAPER 

yACTjBS  VHICH  IKPLUfECE  THE  SUIT  *  •»-  PTf 
G?  LIQUID  H’PPELLAiWB  AS  POCKET  lOiuH  REOEWERATIVB  Cl  1AHTS 

by  D.  H.  Bartz 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
(See  pages  260  to  283,  /oluma  1,  PPL  212/13) 


PREPARED  DISCUS STOW 

by  W.  T.  Olson 
(Presented  by  H.  C.  Barnett) 

Rational  Advisory  Committee  for  Aeronautics 

(See  following  pages,  86  tc  90) 
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Discussion  Prepared  by 
Dr,  Walter  T.  Oleon 
Chief,  Propulsion  Chemistry  Division 
Levis  Plight  Propulsion  Laboratory 
National  Advisory  Committee  for  Aeronautics 


Cleveland,  Ohio  I 

on  D.  R.  Bartz  Paper 

FACTORS  WHICH  INFLUENCE  THE  SUITABILITY  OF  LIQUID  \ 

PROPELLANTS  AS  ROCKET  MOTOR  RBG -ITERATIVE  COOLANTS 

« 

\ 

Mr.  Bartz  in  his  very  excellent  paper  has  Btated  that  his  ob-  I 

Jective  is  to  present  and  to  discuss  the  factors  which  determine  the  j 


suitability  of  a  given  propellant  as  the  coolant  for  a  completely  re- 
generatively  cooled  motor.  As  he  has  pointed  out,  it  is  practically 

impossible  to  calculate  a  physical  proper  tv  chef,  will  "h-utc  terize  the  ; 

potentialities  of  a  particular  propellant  as  a  e..o.*jsv.  i  V.  <t.1  v:  to  ; 

other  propellants i  Consequently,  he  has  very  visely  chosen  to  illus¬ 
trate  the  margin  that  may  exist  between  toe  upper  limit  of  nucleate  , 

boiling  and  the  heat  transfer  rate  that  might  occur  at  the  throat  of 
a  rocket  engine.  Any  review  or  criticism  of  Mr.  Bartz'  work  is  more 
liable  to  be  embellishment  than  correction. 

As  an  embellishment,  then,  h;at  pansier  at  supercritical  coudi-  •  \ 

tions  might  be  discussed  in  a  bit  more  detail  than  the  author  hac  * 

done.  Supercritical  heat  transfer  of  course  occurs  when  the  coolant  1 

ic  above  its  critical  pressure.  Heat  transfer  under  these  conditions  1 

is  ui^st  liable  to  be  encountered  with  the  high  energy  propellants  that  j 

lie  beyond  the  current  jet  fuel  liquid  oxygen  combination  in  terms  of 

performance.  And  here  we  a.' o  concerned  with  only  a  limited  number  of  s 

propellants.  My  subsequent  remarks  will  bear  largely  on  high  energy  * 

propellants.  s 

Jet  fuel  -  liquid  oxygen  with  a  combustion  temperature  of  5500°  j 

to  6000°  F  has  been  demonstrated  to  cool  adequately  in  thrust  chambers  • 

up  to  as  large  as  150,000  pounds .  Beyond  this  combination  in  per-  \ 

foiinauoe  are  mixtures  of  fluorine  and  liquid  oxygen  with  Jet  fuel.  J 

Fere  too,  fuel  cooling  has  been  demonstrated  -  at  least  to  15  percent  \ 

fluorine  addition.  ) 

\ 

The  highest  performing  stable  chemical  combination  is  hydrogen-  r 

fluorine.  Its  maximum  specific  impulse  is  at  about  18  percent  i 
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hydrogen  in  the  combination.  Attendant  combustion  temperature  is 
about  5000°  F.  The  bulk  density  of  this  propellant  combination  can 
be  more  than  doubled  by  running  the  mixture  at  about  b  percent  hydro¬ 
gen.  In  this  case  more  than  6500°  F  is  encountered  in  the  combustion 
chamber.  While  prospects  look  encouraging  for  cooling  with  18  per¬ 
cent  hydrogen,  they  begin  to  look  dubious  for  5  percent  hydrogen. 

One  would  want  to  shift  toward  the  lower  hydrogen  concentration  to 
improve  on  the  tank  volumes  and  pump  sizes  required  for  hydrogen. 

The  inevitable  engineering  compromise  will  occur  among  missile  volume 
and  empty  weight,  engine  specific  impulse,  and  engine  cooling. 

Another  high  performing  combination  is  hydrogen  -  oxygen.  Here 
combustion  temperatures  for  maximum  specific  impulse  are  of  the  order 
of  4500°  F,  while  improving  the  bulk  density  puts  temperatures  up  to 
over  5'KX)°  F.  In  some  early  experiments  with  the  combination,  hydro¬ 
gen  was  used  as  the  coolant. 

Still  another  combination  iB  amnonla  with  fluorine,  or  mixtures 
of  ammonia  and  hydrazine  or  even  Just  hydrazine  with  fluorine.  Com¬ 
bustion  temperatures  here  are  in  the  7000°  to  8000°  range.  Some  ex¬ 
periments  with  ammonia- fluorine  have  burned  out  experimental  engines. 

A  big  question  of  course  is 2  Can  these  combinations  regener- 
atively  cool  7  Figure  1  shows  the  best  flux  per  unit  area  obtainable 
as  a  function  of  wall  temperature  for  eeveiax  of  too  nroppliur 
that  I  Just  mentioned,  with  the  calculations  having  been  none  fc  • 
fluid  velocities  that  give  reasonable  pressure  drops.  As  Bartz  has 
already  shown, ammonia  cools  quite  well  up  to  the  nucleate  boiling 
range,  at  which  point  the  expected  dramatic  drop  in  heat  transfer  co¬ 
efficient  reduces  the  heat  flux  by  a  factor  ~f  20.  Idouid  oxygen  and 
like  it,  liquid  fluorine,  as  well  as  methane  show  m 
Hydrogen,  although  operating  as  a  gas  or  as  p  o  ’ r  I<*  fluid,  t:.at  is 
supercritioally,  shows  cooling  capabilities  as  good  as  or  in  excess 
of  those  obtainable  with  nucleate  boiling.  As  long  as  the  combustion 
temperatures  with  hydrogen  combine tions  are  not  grossly  in  excess  of 
those  that  are  now  being  cooled  with  jet  fuel  the  prospects  for  cool¬ 
ing  look  quite  good.  With  the  combination  of  limited  cooling  capa¬ 
bility  and  high  combustion  temperatures  for  ammonia  or  hydrazine  or 
their  mixtures  with  fluorine,  cooling  looks  exceedingly  difficult. 

This  much  dlscusnion  brings  up  a  point  that  Bartz  has  raised  in 
his  paper.  He  has  pointed  out  the  need  for  values  of  transport 
properties,  particularly  viscosity  and  thermal  conductivity.  Ad¬ 
mittedly  measurement  of  these  properties,  particularly  thermal  con¬ 
ductivity,  is  difficult  at  the  temperatures  that  we  are  di mmseing, 
and  the  data  in  the  literature  are  skimpy.  However,  there  are  data 
for  the  reasonably  finite  munber  of  propellants  that  are  of  interest. 
Further,  although  these  data  do  net  specifically  cover  the  range  of 
operating  conditions  of  interest  they  can  be  used  for  engineering  de¬ 
sign  purposes  with  extrapolation.  After  all,  local  aberrations  in 
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wall  smoothness  or  in  wall  thickness,  or  errant  streams  frcro  rocket 
injectors  can  produc*  far  more  drastic  effects  on  cooling  than  25  to 
50  percent  variations  in  a  computed  heat  transfer  rate.  What  is  more 
important,  as  long  as  there  are  such  severe  limitations  on  our  knowl¬ 
edge  of  how  to  achieve  the  upper  limit  of  heat  flux  with  nucleate 
boiling  it  would  be  better  to  design  as  close  to  the  lower  limit  of 
heat  flux  for  nucleate  boiling  as  possible,  and  use  our  nucleate 
boiling  as  a  safety  factor  to  the  extent  possible.  I'm  sure  that 
this  is  not  an  uncommon  practice  actually. 

With  that  I  would  like  to  go  out  on  a  limb  and  say  that  data 
sufficiently  adequate  for  the  needs  of  the  hour  exist.  Specifically, 
come  data  on  transport  properties  exist  for  ammonia,  typical  hydro¬ 
carbon  fuels,  hydrazine  (l),  hydrogen,  fluorine  (g),  and  oxygen  pro¬ 
vided  seme  extrapolation  is  accepted.  Data  virtually  absent  include 
thermal  conductivities  for  chlorine  trifluoride,  hydrazine  (g) , 
fluorine  (l),  and  u-dimethylhydrazine.  Viscosity  data  are  missing 
for  hydrazine  (g)  and  u-dimethylhydrazine  (g) .  But  may  not  hydrazine 
explode  above  400°  F  anyway  ? 

Also,  regarding  the  use  of  transport  properties,  consider  figure 
2.  Part  (a)  of  the  figure  gives  the  Seider-Tate  equation  for  heat 
transfer  coefficient.  Now  the  viscosity  and  the  thermal  conductivity 
appear  in  here  as  a  ratio,  and  this  ratio  is  relatively  insensitive 
to  temperature  Bind  pressure  since  temperature  and  pressure  affect 
each  of  these  terms  rather  slmiiurlo  .  I*ui  ,  where  virrcolty 
appears  alone  it  appears  to  a  low  power.  Had  nur  ’..-  r  been 

used  for  this  heat  transfer  relation  instead  of  Stanton  number,  er¬ 
rors  in  heat  transfer  coefficient  would  depend  directly  on  thermal 
conductivity.  An  additional  advantage  of  this  equation  is  that 
Stanton  number  cm  be  evaluated  from  -xperimertal  data  directly  with 
no  physical  properties  being  involved,  rtott  *  tn  ji  ihjs  form  *»li  of 
the  properties  are  evaluated  at  the  bulk  except  viscosity, 

and  a  ratio  of  correction  for  vlr.cooity  at  the  wall  is  used;  however, 
here  it  is  to  a  low  power.  It  should  ba  less  difficult  to  find 
properties  at  the  lower,  bulk  temperatures  than  at  the  film  temper¬ 
ature. 


Part  (b)  of  the  figure  expresses  the  heat  transfer  coefficient 
with  fluid  properties  included  at  their  values  at  the  effective  film 
temperature.  This  expression  is  a  better  representation  of  experiment 
vh»n  large  differences  between  wall  temperatures  and  fluid  bulk  te*u 
perature  exist  than  is  the  equation  in  figure  2(a).  Unfortunately, 
this  large  temperature  difference  is  encountered  in  rocket  cooling - 
As  a  result,  both  bulk  and  film  density  must  be  used,  and  the  otner 
properties  must  be  evaluated  at  higher-than-bulk  temperatures.  1Kb 
expression  (fig.  h(b))  was  used  for  the  curves  of  figure  1.  Other 
methods  of  evaluating  heat  transfer  coefficients  for  high  temperature 
gradients  and  high  flux  ra+es  are  ’under  study. 
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I  hope  that  I  am  not  construed  as  having  came  out  against  the 
measurement  of  more  physical  properties  for  fluids.  Indeed  we  need 
these.  A  particular  time  when  the  engineering  becomes  difficult  is 
when  pressure  drop  changes  or  surges  with  nucleate  boiling  or  with 
cavitation.  However,  my  point  is  that  ve  can  do  much  of  our  engineer¬ 
ing  with  what  is  already  at  hand. 

Sane  further  comments  may  be  made  on  the  paper.  The  first  of 
these  is  that  the  criterion  of  using  the  combustion  side  wall  temper¬ 
ature  for  no  failures  as  Bartz  has  done  requires  a  calculation  of 
this  wall  temperature.  Now  that  is  quite  often  far  the  more  diffi¬ 
cult  part  of  the  heat  transfer  problem.  Complications  such  as  trans¬ 
port  of  enthalpy  through  the  boundary  layer  by  dissociated  species 
ere  added.  Now,  too,  the  lack  of  transport  properties  is  more  serious. 

Bartz  has  mentioned  that  perhaps  more  than  one  method  of  cooling 
could  be  used  at  the  same  time.  Where  that  can  be  done  it  is  cer¬ 
tainly  to  be  recommended.  For  example,  why  should  we  not  always  try 
to  have  a  coating  on  the  inside  wall  of  a  rocket?  Continuously  formed 
coatings,  for  example,  the  carbon  coatings  that  result  from  rich  com¬ 
bustion  of  Jet  fuel  have  been  shown  to  reduce  heat  transfer  rates. 
Perhaps  such  coatings,  or  permanently  bonded  ceramic  coatings,  cp'ild 
always  be  used.  Still  another  thought  is  that  turbulence  could  be 
introduced  in  a  particular  way  at  c-i+ical  points  inside  the  coolant 
passages  to  increase  local  heat  flux  rates. 

In  the  written  version  that  I  reviewed  the  second  paragraph  of 
the  conclusions  is  a  bit  confusing  in  its  '•r.rli.y..  It  id  presumed 
here  that  the  author  means  to  state  that  sufficient  coolant  flow 
should  be  provided  so  that  local  heat  flu*  s  f.-om  •»  comtujtion  gases 
to  the  wall,  and  therefore  from  the  wall  to  the  u .•  y,  ; vncod 

the  upper  limit  of  nucleate  boiling  at  any  Jr-;  ,  roi;rt. 
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Figure  1 
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MR.  BARK:  I  would  like  to  reply  to  a  couple  of  points  In 
Dr.  Olson's  extensive  comment. 

First,  I  do  not  believe  that  Halting  the  design  of  regenera- 
tlvely  cooled  systems  to  the  lower  limit  of  nucleate  boiling  Is  at  all 
necessary.  For  oany  coolants,  operating  at  pressures  up  to  about  70 $ 
of  critical  pressure,  the  ratio  of  the  heat  flux  at  the  upper  Halt  of 
nucleate  boiling  to  the  heat  flux  at  the  inception  of  nucleate  boiling 
Is  between  about  three  and  ten.  To  suggest  that  safety  factors  this 
large  should  be  used  In  the  design  of  regeneratlvely  cooled  -  -■ 

would  Indicate  little  or  no  faith  in  analytical  aetbods  suable 

for  predicting  beat  flux  to  the  aotor  vails  froa  the  ^«lon  gases. 

In  ay  opinion  these  analytical  aetbods,  together  prototype  develop- 
swat  testing,  should  penal  t  design  with  coneide  -  ^y  lower  safety 
factors,  such  that  nucleate  boiling  hsat  trap'  -  *r  can  and  should  be 
used.  We  have  found  that  data,  measure**  with  coolants  having  well- 
eontrolled  cooposltlon,  have  been  reproducible  to  within  10$,  so  that 
for  such  systems  perhaps  a  reasonable  design  Holt  would  be  70$  or  00$ 
of  reported  values. 

Dr.  Olson  coansnts  that  calculation  of  wall  tenperature  Is 
difficult  and  uncertain  and  thus  a  bad  criterion  for  determining 
whether  or  not  the  coding  Is  adequate.  If  the  conditions  In  the  cooling 
passage  are  such  that  heat  is  being  transferred  \r*  irr-le'-te  ’filing.  It 
Is  pointed  out  In  the  paper  that  the  wall  temperaum*  on  ;  - jxant 
side  Is  easily  predicted  to  within  50*F  knowing  only  the  saturation 
temperature  of  the  coolant.  Thus,  the  difficulty  cones  in  calculating 
the  drop  through  the  wall.  For  a  thick  wall,  I  would  tend  to  agree 
with  Dr.  Olson  that  prediction  of  gas-sld*  v»ll  t-rnneratyre  is  difft  .. 
and  uncertain,  since  the  accuracy  of  the  predict  **■?•* I"- j 

upon  the  prediction  of  local  values  of  heat  “v  to  the  vail.  T.c.  *r, 

for  the  extrenely  thin  walls  currently  used  in  most  flight -wei  , It 
bo  tor*,  the  temperature  drop  through  the  wall  is  msall,  e<;<J  t’je  Its 
accurate  prediction  is  not  important  in  predicting  gas -side  va’l  tem¬ 
peratures.  For  such  motors,  li  the  saturation  temperature  c,T  the 
coolant  Is  below  about  700 *F,  cooling  Is  adequate  if  on.oler.*t.  boiling  Is 
isaintalned.  Ho»’ever,  in  ti»j  final  analysis,  irrespective  of  thr 
difficulty  of  prediction,  the  success  or  failure  of  the  cooling  design 
depends  on  the  resulting  combination  of  local  wall  temperature  and 
stress . 


I  certainly  agree  with  Dr.  Olson  that  refravtory  coatings 
should  be  utilised  to  the  limit  of  their  capabilities  as  barriers  to 
heat  transfer  in  rocket  motors.  I  might  point  out  that  such  costings , 
which  arc  currently  good  to  about  3000 *F,  can  reduce  heat  fluxes  by  ever 
50$  for  systems  operating  at  flame  temperatures  in  the  region  of  5000 *F, 
However,  for  a  high-energy  system  operating  near  8000*F  flame  tempera¬ 
ture,  the  reduction  in  heat  flux  effected  by  suet  r,  coating  would  be 
less  than  30$.  Hence,  while  the  use  of  refractory  coatings  will  help, 
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regenerative  cooling  will  also  ban  to  be  used  to  the  Halt  of  its 
capability  to  successfully  cool  tbs  high-energy  systems  of  tbs  future. 

Finally,  Z  would  like  to  allay  fir.  Olson's  fears  that  cooling 
with  hydrazine  Is  n>  t  possible  or  feasible.  Ve  bare  Initiated  heated 
tube  measurements  with  hydraslne  since  the  writing  of  this  paper,  and 
ws  are  finding  hydraslne  a  better  ooolaat  than  any  of  those  propellants 
listed  in  Table  1  of  the  paper,  second  only  to  water.  These  measure¬ 
ment*  are  being  reported  In  tbs  CosAblned  Bimonthly  Stsesarles  of  the 
Jet  Propulsion  Laboratory  starting  with  Ifeafeer  57  for  the  period  of 
Dec  caber  1956  to  February  1957*  The  anticipated  difficulty  with  the 
use  of  hydraslne  as  a  coolant,  thornal  decomposition,  can  be  avoided 
by  using  compatible  materials  of  construction  (e.g.,  18-8  9.8.  or 
aliwlniai  alloys)  and  by  designing  the  00" '  •▼stem  to  be  free  of  stag¬ 
nant  regions  where  the  hydraslne  sdLg*-'  .ise.  A  serins  of  63  tests 
in  which  a  motor  was  success** Tlx  with  hydraslne  as  a  regenera¬ 

tive  coolant  was  reported  by  A  ^xio  in  Jet  Propulsion  laboratory 
Progress  Report  Ro.  20-156,  ->  .<x  Decsnber  b,  1951* 


by  Lloyd  Z.  Line,  Jr. 
Zxperlment  Incorporated 


(See  pages  28b  to  298,  Volume  1,  i-FL  212/13) 
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Discussion  Prepared  b y 
3®  Eldridge 

Aerojet-Goneral  Corporsiion 
Asusa®  California 

on  Lloyd  X®  Lino®  Jr®  Pane’' 

FACTORS  IFFLUENCnO  CUE  MONOntOi’P T  ’  SPECIFIC 

BfPULSB  OF  ACETYLENIC  ■<  '.jime 


Discrepancies  between  tho  theoretical  and  experimental  pots* 
formance  of  acetylenic  monofuels  hr.  •  been  widely  observed®  Certainly 
•  better  understanding  of  the  nature  of  these  difference a  is  required 
if  maximum  use  is  to  be  aads  of  this  interesting  group  of  aono fuels® 
Mr®  Line  has  aads  a  significant  extension  of  Dr®  (XLasaman's  earlier 
work  in  this  area® 

A  review  of  It#  Lina's  paper  Fates  it  clear  t-hst®  altborxJ* 
certain  possibilities  have  been  eliminated®  e  complex:*  <iw r-:v  •  j.nr, 
of  the  nature  of  the  decomposition  and  subsequent  fleer  prf,«?'i>  a  is 
not  yet  at  hand  for  the  eoetylenies®  Both  It®  Lina's  paper  *  »'.  erne 
experimental  work  performed  at  Aerojet  have  suggested  tur-  lc.z  **vomtes 
for  investigation  of  thla  problem# 

Extensive  tests  conducted  with  iso-propc 1  /Ler®;  { IT*) 
over  quite  a  range  of  operation  conditions  hart  v»;  _rtid  that* 

1*  The  experimental  value  cf  the  "flh»r».=it*viati« 
velocity®"  c",  is  app-wciably  lower  than  the 
theoretical  value |  and, 

2#  The  measured  flame  temperature  is  only  slightly 
lower  then  the  theoretical  valuc^ 

The  combination  of  these  two  factors  provides  an  aid  to  tbs  examine- 
tion  of  various  possible  explanations  for  observed  "low"  performance# 
First  of  all®  it  should  be  pointed  out  that  the  parameter  c*  is 
really  the  inverse  of  the  gas  volume  production  \j  a  given  reactor# 

This  parameter  is®  of  course®  directly  related  ta  the  specific  impulse 
by  the  relationship  1^  ■  Cf  c*®  whs  re  I_  is  tie  ispecific  impulse  and 
Cf  the  nossle  thrust  coefficient.  The  thrust  sufficient  is  not  sig» 
nlflcantly  influenced  by  the  reaction  process}  therefore®  ihe  parameter 
c*  can  be  r  'erred  to  for  an  Indication  of  what  happens  upstream  of 
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the  novel#*  The  two  experimental  facts  cited  above  lead  us,  therefore, 
to  seek  &  mechanism  for  observed  *low*  performance  which  will  result 
in  relatively  low  gas  production  rates  but  normal  flame  temperatures* 

The  consideration  just  cited  leads  one  to  reject  son  of  the 
mechanisms  suggested  by  Mr,  Line.  As  he  has  pointed  out,  the  fc. .."ac¬ 
tion  of  methane  would  lead  to  higher  flame  temperaturea  as  well  as 
reduced  performance,  and  theee  higher  flam  temperatures  have  not  been 
observed  in  the  decomposition  of  IPA.  Similarly,  the  presence  of  moet 
of  the  hydrocarbons  in  the  gas  phase  reduces  gas  volume  per  unit  weight 
flow  and  hence  performance}  but  such  compounds  increase  flame  tempera¬ 
ture*  This  is  not  true  of  a  fsw  of  the  ring  <•  »*»nda  such  as  benzene* 
The  presence  of  benzene  would  reduce  both  ^  flame  temperature. 

The  simultaneous  presence  of,  say,  matt-  „d  benzene  might  then 
yield  values  of  performance  and  fltar  >*rature  agreeing  with  the 
experimental  results.  This  me char  .iaa  been  suggested  by  Messrs* 
Greene  and  Gordon  of  our  organis  •* ; unj  we  are  hopeful  that  experiments 
planned  for  the  near  future  wil  allow  us  to  confirm  this  hypothesis* 

A a  Mr*  Line  has  re'ommanded,  experimental  studies  of  the 
kinetic  mechanisms  occurring  in  the  decomposition  of  acetylenic  com¬ 
pounds  are  very  much  needed*  It  can  be  expected  that  such  studies 
will  allow  ua  to  tailor  gas  reactors  to  more  nearly  obtain  the  per¬ 
formance  desired*  Certainly  all  available  evidence  points  to  the  fsct 
that  chemical  rather  than  mechanical  processes  govern  these  relations; 
fierce,  it  should  be  possible  to  cart  re1  the  ’•'v.ctioi  by  t*  Vrlques 
applied  up s treat  of  the  nozzle* 
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MR.  LIKE:  Nr.  Eldrldge  has  referred  to  the  foot  that  the 
measured  flame  temperature  la  very  near  the  theoretical  temperature 
although  the  concentration  of  the  methane  seems  to  be  quite  high. 

As  an  alternative  to  hla  explanation  of  beneene  or  be ru.e Re¬ 
type  compounds  as  heat  sinks,  I  would  offer  another  explanation.  In 
my  presentation,  I  showed  that  the  enthalpy  content  of  the  carbon  Is 
considerably  higher  than  that  of  graphite  so  that  carbon  may  be  respon¬ 
sible  for  absorbing  heat  and  maintaining  the  tee-  ‘"•je  at  about  the 
theoretical  level.  I  have  no  calculations  o-  •  ,  however. 

I.  (HA8SMAN  (Princeton  Ualvcr--  I  wish  to  consent  on 

Mr.  Line's  paper,  as  I  warned  him  ear”1  .  ~ 

First  of  all,  I  am  glad  see  that  three  or  four  organisa¬ 
tions  —  Aerojet,  Experiment  Incr  porated,  and  Irlnceton  —  are 
gradually  obtaining  an  understar  ding  of  tbs  problem  of  low  performance 
In  acetylenic  compounds.  I  would  like  to  offer  one  consent  that  per¬ 
haps  the  reasons  for  the  low  performance  may  not  be  tied  up  to  many 
errors  but  to  one  large  error  we  have  been  overlooking. 

I  have  two  suggestions  to  make.  In  regard  to  the  cements 
about  methane,  as  mentioned  In  the  I Ajx  p*p*v,  h*  "btslned  ab^  t 
methane.  In  same  work  we  had  done  previously  we  *£-*■<»"  t 
Nevertheless,  I  don't  think  this  will  answer  the  problv?  /he  differ¬ 
ence*  In  sampling  In  rocket  motors  are  enormous  rod  I  xr.tt  .bather  any 
of  the  values  are  really  exact  or  really  will  answer  lh.ii,  ~  rticular  prob¬ 
lem.  Prior  to  hearing  Mr.  Eldridge’s  comments  I  i\  ua*j<r  t.  offer  a 
new  idea  which  I  hope  will  assist  In  answer. ac  l  '  •»  •.  v  K  ;  low  perform¬ 
ance  problems  with  acetylenic  monoprcpellants .  *  *  c-  jgusr.t  tMi. 

Eldrldge  made,  I  feel,  supports  the  aer*  5  den 


Mr.  Eldrldge  pointed  out  that  the  icnpenture  which  Aerojet 
measured  with  lsopropenyl  acetylene  was  nw v  tbcjre+lcal  but  the  C* 
measurement  was  not.  This  result  could  aray  bo  explained  on  the  basis 
that  the  correct  ratio  of  specific  brats  was  not  used.  Then  it  appears 
that  the  performance  problem  arlser-  not  from  a  chemical  factor,  but 
from  a  pliyslcal  factor  which  affects  the  average  ratio  of  the  specific 
heat*.  That  thla  possibility  can  arlr:e  I  wish  to  explain  as  follows: 

I  think  we  have  overlooked  the  fact  that  these  solid  carbon 
particles  which  are  present  In  the  exhaust  of  an  acetylenic  decomposi¬ 
tion  process  can  absorb  gases  phyMl rally  or  chemically.  It  is  not 
beyond  comprehension  to  think  tiyit  a  mononc locular  adsorption  of 
hydrogen  could  take  place  In  tba  eba Tiber  and  as  the  carbon  particles 
are  exhausted  from  the  rocket  the  hydrogen  Is  retained  on  the  particles. 
These  particles  would  stay  physically  adsorbed.  I  tM_Jc  the  calcula¬ 
tion  to  verify  this  postulation  would  be  einply  as  follows.  One  can 
determine  the  collision  disaster  of  the  hydrogen  t  the  proper 
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temperature.  Knowing  the  surface  area  of  the  particle  from  the  parti¬ 
cle  size  determinations  carried  out  by  Experiment  Incorporated  and 
I  rlnceton,  one  can  tell  how  much  hydrogen  wc'ild  he  adsorbed  in  a  mono- 
layer.  Ve  have  co  ouch  carbon  present  that  It  Is  feasible  that  a 
large  volume  could  be  adsorbed  In  this  particular  case.  I  think  It  is 
one  factor  no  one  has  looked  Into  as  yet.  I  think  It  is  something 
that  Is  worthwhile  considering  and  calculating. 

I  also  wish  to  point  cut  that  in  the  work  done  in  England 
with  the  acetylenic  compounds  performances  closer  to  100$  were  ob¬ 
tained.  While  I  realize  that  there  were,  I  believe,  Just  a  few  re¬ 
sults,  it  would  be  Interesting  to  pursue  this  point  further  with  the 
British. 


One  other  fact  I  would  3'  ,  point  out  in  dealing  with 

rocket  motors  In  these  hybrid  p -ants,  even  though  you  do  lose  per¬ 
formance  in  the  actual  rocket  „  all  the  performance  disappears. 

It  would  be  nice  to  have  it  b  a  In  the  thrust  of  the  rocket  and  In 
the  afterburning,  but  some  i  the  results  of  cur  ran  rocket  work  show 
that  you  do  pick  up  this  articular  loss  of  energy  later  In  the  after¬ 
burning  process. 


MR.  LIKE:  I  wish  to  thank  Dr.  Glaaaman  for  warning  me  about 
his  consents  ^because  In  the  meantime  I  have  had  a  chance  to  make  the 
calculation  which  he  proposes. 

Of  course,  these  particles  are  of  the  order  10”5  centi¬ 
meters  or  1000  Angstrom  In  diameter,  xf  you  tjj*  -  tbi?  1000 
Angstrom  particle  a  monolayer  of  hydrogen  (as  -"  •  ltd),  it  tunas  cut 
that,  unless  my  calculation  la  wrong,  the  peri*  an  gt  of  the  hydrogen 
Is  of  the  order  of  .02.  (The  ratio  of  the  hy  rof5en  to  carbon  Is  about 
.02.)  This  is  much  less  than  that  found  exy-u  'ir*on  vUy.  1:.  is  there¬ 
fore  difficult  for  me  to  see  how  monolayer  u  ecu  be  a  serious 

factor. 


With  regard  to  the  recovery  of  the  loss  In  the  monopropellant 
decomposition  part  of  a  ram  rocket,  o?'  course.  It  Is  true  that  you  will 
thermodynamic ally  recover  this  in  te:ws  of  enthalpy.  On  the  other  band, 
we  know  from  thermodynamics  ■chat  yo«.  can  get  a  higher  cycle  efficiency 
when  you  operate  at  higher  pressures,  so  that  In  the  ram  rocket  stage 
you  are  better  off  by  having  en  high  a  specific  Impulse  as  possible. 
Furthermore,  for  saara  applications  it  is  important  to  have  as  high  a 
monopropellart  efficiency  as  possible. 
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Cement*  Submitted  After  the  Symposium 
by  John  Happel 
!few  Tork  University 


I  would  like  to  add  a  little  supplementary  information  re¬ 
garding  the  kinetics  of  decoopositlon  of  acetylenic  materials.  We 
had  a  program  at  Ifev  Tork  University  for  the  generation  of  hydrogen, 
which  was  under  contract  with  the  Army  Signal  Corps  for  several  years. 
In  this  connection  we  s tidied  the  adiabatic  self -sustained  decomposi¬ 
tion  of  a  number  of  the  ncetvl  ->ic  compounds  listed  in  Table  II  of 
Mr.  Line's  paper.  We  confirmed  the  presence  of  substantial  portions 
of  methane,  as  indicated  by  Mr.  Line.  Ve  also  found  that  some  cf  these 
compounds  decomposed  much  more  rapidly  than  others,  thus  methylvinyl- 
acetylene  decomposes  faster  than  methylacetylene.  Ve  also  found  cast 
the  rate  of  decomposition  could  be  accelerated  by  the  addition  of  small 
amounts  of  additives,  such  as  ethylene  oxide.  It  m- -  \y  that  the  pri¬ 
mary  rate  of  decomposition,  rather  than  later  r...‘  ’-L'juticn  to  decom¬ 
pose  methane  formed,  may  have  a  bearing  on  th»  arr  performance 
observed  with  some  of  the  acetylenic  materia'  1  which  have  been  tested 
in  actual  rockets. 

For  informational  purposes  it  mi*-*.  el so  -tioned  that 

the  compounds  which  we  tested  were  essential  /  the  rorse  *>n-:  .*  "r  "cted 
in  Table  II.  Since  these  compounds  were  U>  Exparlacnt 

Incorporated  by  the  Ifew  Tork  Unlversit;,  .Taiv.-. -stories  there  should  be 
no  essential  differences  due  to  s Light  traces  of  undetermined  compon¬ 
ents.  This  Information  might  also  he  of  interest  to  those  desiring  to 
do  further  vork  on  the  synthesis  tr  properties  of  these  naterialo . 
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EFFECT  OP  HYPEROOIJCITY  OF  Tffi  PROPELLAJFTS 
OR  THE  OPERATIOS  OF  A  I  ,~hug  MISSILE  ROCKET 

by  R.  Tf.  >T»^ren 

(Presented  by  R-.  Rathealel  Van  de  Verg) 
Aero, let -Oeneral  Corporation 
(See  page 4  2y9  to  304,  volune  1,  V  212/13) 


PREPARED  DISCUS  SI01T 

by  Stanley  Greenfield 
Rocketdyne 

(See  following  pages,  99  to  101) 
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T*  ‘icueeion  Prepared  by 
Stanley  Greenfield 
Rocketdyne 

Canoga  Park,  California 

on  R.  F.  Tangren  Paper 
EFTBCT  OP  HtPHROOLICTTf  OT  TTTE  ITOFttLAHTB 
OR  THE  OPERATION  CP  A  IARGB  KT3SU*  ROCKET 


Apparently  the  main  reason  for  changing  the  BCMARC  fuel  from 
JP  to  JPX  was  to  avoid  the  destructive  low  frequency  vibration  caused 
by  the  combination  of  the  conftrastloc  lag  of  the  propellant  combination 
and  tbs  thrust  chamber  geometry,  the  resonant  frequency  of  the  feed 
system,  and  the  hydraulic  and/or  mechanical  coupling  between  the  thrust 
chamber  combustion  and  the  propellant  feed  yv»*ee. 

Essentially,  this  low  fkeqjjerxy  ritoretioa  could  Lave  .re¬ 

duced  or  eliminated  by  making  the  pmpellart  feed  system  less  dependent 
on  the  combustion  processes,  that  la  'ry  dynamic  decoupling.  This  de¬ 
coupling  in  turn  could  have  been  •ct  -  ipiisb' 1  by  cha  ging  the  natural 
frequency  of  the  supply  system,  oy  sl.-urin^  r.he  r  tsrdsd  transfer  func¬ 
tion  (that  is,  the  fidelity  with  which  »  1j>  flow  is  repro¬ 
duced  In  the  chamb-i^  pressure,  and  the  relationship  between  the 

tvo)  so  as  to  make  the  "combustion  tlrs  lag  .-..gjificiiatly  different 
from  half  the  natural  period  of  the  supply  syrtem,  or  by  Increasing  the 
dynamic  damping. 

In  the  BCMARC  system,  the  resonant  frequencies  of  the  system 
could  have  been  altered  by  changing  the  vecbarical  stiffness  or  by 
modifying  the  hydraulic  length  of  the  feed  system  or  the  bead  differ¬ 
ential  between  the  tank  and  the  chamber.  However,  these  methods  would 
all  have  required  hardware  modifications,  and  still  might  not  have 
altered  the  resonant  frequencies  sufficiently. 

The  feed  system  impedance  could  have  been  charged  by  raising 
the  Injector  pressure  drop  or  Increasing  the  frictional  loases  In  the 
system,  or  even  by  adding  an  energy  accumulator.  Again,  hardware 
modifications  would  have  been  necessary. 

The  Introduction  Into  tae  Injector  manifolds  of  a  vibration 
of  opposite  phase  from  the  Induced  vibration  would  have  been  theoreti¬ 
cally  possible,  but  practically  very  difficult. 
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Bn  best  dilution  would  appear  to  law a  Iks  a  significant 
change  In  the  nheiacter  of  the  "combustion  time  1m,  "  for  In  this  eaaa 
any  later  modifications  to  the  feed  system  would  not  have  been  lively 
to  bring  about  close  coupling  again,  <*us  to  alight  change*  in  the  feed 
system  reconant  frequencies.  An  injection  pattern  with  Improved  nixing 
and  at  cot),  ration  would  hare  decreased  the  caafcustlon  tine  delay,  and 
tMr,  night  have  reduced  the  amplitude  of  the  vibration  by  allowing  lea* 
propellant  accumulation  per  cycle  but  possibly  could  have  led  to  *one 
of  the  high  frequency  vibrational  trouble*  previously  encountered  with 
high  performance  injectors.  Operation  at  off -optimal  mixture  ratio 
would  also  have  altered  the  combustion  characteristic*,  but  only  at  a 
severe  loss  in  performance. 

Th»  solution  that  Aerojet  chose,  the  use  of  a  hype rgo lie 
propellant  combination  to  reduce  "combustion  lag,"  also  had  the  advan¬ 
tage  of  loprovlng  the  low  temperature  starting  characteristics,  and  so 
certainly  seems  to  have  been  the  best  choice  under  the  circumstances. 

However,  hyper go licity  by  itself  Is  pot  the  only  factor  de¬ 
termining  "combustion  time  lag"  •™  with  a  particular  injection  system 
fluid  chamber  configuration,  and  so  ms  not  necessarily  the  reason  for 
the  success  of  JPX.  Such  characteristics  as  flams  speed,  volatility, 
and  combustion  limits  can  more  than  offset  advantages  due  to  hyper gollo- 
lty.  As  an  extra—  example,  a  non-hypcrgollc  combination  such  as  oxygen 
fluid  hydrogen  would  probably  cause  considerably  lees  trouble  from  low 
frequency  instability  initiated  through  a  "combustion  time  lag"  meoban- 
1—  than  would  a  combination  of  HPHA  fad  J?  wati  .4uat  enough  TIDMH  to 
make  it  hyperbolic  under  atandard  oc  '.'I*'  !u  the  more  Umit-iJL  case 
of  the  substitution  of  one  els— nt  of  a  noo-bypei&tU/J  i>iUm  vlth  r 
hypergol  (with  a  similar  liquid  range),  "be  resulting  hypergollclty 
probably  gives  a  good  qualitative  .  attest*  n*  of  the  combustion  time  lag. 

With  liquid  oxygen  m»  ih*  ox1c_?-t  (.**  in  the  oase  of  all 
the  large  engines  at  Hocketdyne),  lc.f  fit  "iii'y  ia.itab5Ji.ty  due  to  cam- 
bastlon  time  ls«  is  much  less  of  a  prot*.>w  "ban  with  acid  as  tue  cxL- 
diser.  Low  frequency  instability  du.'  to  -  .xausti ua  lag,  while  not 
encountered  during  normal  operettas  conditions  at  rated  pressure,  has 
occurred  in  large  engines  during  star  ting  end  throttling,  at  which  ti¬ 
the  atomisation  of  the  propellent*  is  very  -oor  and  the  system  pressure 
drops  are  low. 

Due  to  other  than  pjrylsion  require— nts,  throttling  during 
the  last  few  seconds  of  operation  in  the  150,000  pound  thrust  LOK-RPI 
JUPITKR  engine  has  been  necessary,  and  vibration  has  occurred  at  about 
150  op*  and  *  75  pel  when  the  engine  was  throttled  from  its  rated  500 
pel  chamber  pressure  to  about  2/3  to  3 A  rated  conditions. 

Rocketdyne  has  about  the  sa—  set  of  poeslble  solutions  to 
this  problem  «ts  had  Aerojet,  with  the  as—  underlying  criteria  of  mini¬ 
mising  the  changes  in  engine  configuration  without  decreasing  the 
overall  performance.  These  conditions  eliminate  many  of  the  choices. 
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For  example,  changing  the  flair  system  to  any  appreciable  extent  to 
alter  the  Impedance  la  not  allowable.  The  only  standard  fuel  which 
Eight  reduce  the  "combustion  tine  lag"  without  reducing  the  perforaaaoe 
with  the  exieting  tank  rolueee  ia  ORTA,  and  then  major  pump  rework 
alght  be  required. 

The  methods  of  eolutlon  to  thia  problaa  which  appear  noat 

feaaible  are: 

(1)  Eliminate  the  throttling  requirement.  Improvements  in 
guidance  equipment  and  controls  nay  lncreaee  the  allow¬ 
able  acceleration. 

(2)  Tolerate  the  vibration,  which  la  not  extremely  eerere 
and  laete  only  a  ahort  time-  Thia,  of  course,  would  be 
a  last  ditch  etand. 

(3)  Run  at  fuel  rich  Mixture  ratio  conditions  during  these 
few  seconds  and  accept  cfae  alight  performance  lose,  if 
the  present  reqairwent  on  propellant  flow  control  can 
be  changed.  Experience  baa  shown  that  the  fuel  rather 
than  the  oxidizer  atomization  is  critical  in  order  to 
avoid  low  frequency  vibration  in  a  L0X-RP1  system,  and 
this  low  Mixture  ratio  running  will  keep  the  fuel  injec¬ 
tion  pressure  drop  high  aid  t'-c*  +^~  i-jywve  atomization. 

(4)  Several  different  injector  ccaf cj*  fbould  be 
tested,  one  of  which  nay  charge  the  low  frequency  in¬ 
stability  oharacte  .  '^t^is  and  at  the  r*\ me  time  not  intro¬ 
duce  high  freqcu'ucy  lnsteb-  Mty  du.-irg  main  stage.  Use 
of  an  injeeto.-,  which  has  -  high  rrjugh  pressure  drop  to 
produce  fair  steed  rat1  an  at  L.*r  Xxov  rr,tee;  tends  to 
introduce  high  frequency  inC'ab.’Jity  du-.  lng  mein  stage 
due  to  the  extremely  good  JMwfvg  and  s  tool  ration  under 
these  conditions.  High  frequency  vibration  has  already 
been  eneounterod  during  the  steady  state  with  some  in¬ 
jection  patterns.  Unf ort-o c-l : r.  there  is  no  proven 
theoretical  basis  on  which  to  iasi^u  injectors  to 
aeeaeplish  these  results,  still  produce  good  perform¬ 
ance,  so  that  it  nay  be  necessary  to  test  many  different 
patterns.  This  approach,  however,  is  the  only  one  over 
which  Rocketdyne  has  full  control,  and  it  is  the  approach 
which  Is  being  followed  at  the  present  time. 
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GENERAL  DISCUSSION 


JOHN  MARSHAIX  (Air  Force  night  Teel  Center);  The  destruct¬ 
ive  malfunction  of  the  free  flight  BOMARC  as  described,  by  Mr.  Tangren, 
was  not  noted  in  the  pre-flight  test  stand  tests.  Zt  can  be  deduced 
that  the  vibrational  energy  coming  from  the  combustion  chamber  distri¬ 
butes  Itself  throughout  the  elastic  masses  of  the  free  flight  missile 
In  one  way,  and  in  another  way  on  the  captive  missile.  The  test  stand 
absorption  of  the  captive  flight  missile  vibrational  energy  is  thus 
definitely  not  negligible,  as  shown  by  the  BCMARC  malfunction. 

Do  you  think  that  the  conventional  test  stands,  like  those 
that  were  used  for  testing  the  BOMARC,  ought  to  be  modified  so  as  not 
to  distort  the  low  frequency  vibration  distribution  over  the  missile 
during  captive  flight  tests?  What  has  Aerojet  done  to  change  the  de¬ 
sign  of  conventional  test  stands? 

MR.  VAN  EB  VERO;  Ws  agree  with  your  comments  concerning  the 
important  effect  of  tlhe  mounting  on  the  combustion  stability  of  the 
rocket  engine.  Other  d» velopment  programs  at  Aerojet  have  included 
firing  tests  in  which  the  propulsion  system  as  held  by  very  soft  mounts 
in  an  endeavor  to  assure  that  successful  flights  would  follow.  The 
BOMARC  program  did  include  a  great  deal  or  dynamic  testing  in  which  t>o 
structure  was  vibrated  under  a  variety  of  different  conditions.  I  do 
not  have  details  concern4 ng  these  tests  here.  The  point  concerning  the 
importance  of  dynamic  r,  anting  of  rocket  engJu*  1  s  well  taken  and 
pertinent  tests  should  oe  Included  as  a  pa-  ~  ty  divelppaent  pro¬ 

gram. 
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26  MARCH  1957 
AFTERNOON  SESSION 

CHAIRMAN:  CO* A1CDER  R.  C.  TRUAX 


DONALD  B.  BROCKS  (OASD  -  R«):  Our  chairman  hat  been  de¬ 
tained  for  a  fev  minutes.  Until  be  arrives,  I  will  substitute  for  him. 
To  begin  the  session,  Mr.  Hems tc in  will  review  the  papers  which  have 
been  submitted  for  publication  only. 

BFTHARD  BORE  STRUT  (Office  of  Naval  Research) :  I  think  Mr. 
Brooks  may  have  expected  some  rather  astute  canaen‘.-«.  If  this  is  the 
case,  you  will  be  highly  disappointed, 

In  a  situation  like  this,  we  re-.  arr-r  r.ore  papers  than 
we  have  time  to  present  and,  since  men.  '  .'he  ;  *puro  do  contain  in¬ 
formation  of  value  and  Interest,  the*  -  .  !>»'•<.  published  nonetheless. 

I  would  like  to  indicate  the  titles  ur>d  lui  •  "briefly  ’ott 

they  ere  about. 

The  first  Is  "LKPID  PHASE  ICFutTlOf?  RJErJTRlwTriC  M3N0- 
PROPEIhAHTS  BT  ELECTRICAL  DI8CHARC0E,"  by  Eva  'Hven,  and  Muller  of 
Stanford  Research  Institute .  This  is  an  *lesea~*  nf  vrvrk  cm  the 

detailed  structure  a»l  process  occurring  in  a*.  jleclrVr  nla nliArge 
submerged  In  the  hydrazine  nitrate-hydrazine-  —  i**  .jorcoreps Hint 
system  and  describes  very  nicely  the  rsa^-ie  of  she  discharge  and  pre¬ 
sents  hypotheses  about  the  process  of  e;  ergy  transfer  to  the  monopro- 
pellant  and  Ignition. 

Another  paper  is  nA  8URVEI  OP  LI QUID  ^KJPEIlAlTrS  FOR  CHJffS, " 
by  Regan  of  Frankford  Arsenal.  This  paper  describes  the  status  of  the 
development  of  three  liquid  propellant  gun  systems:  an  aircraft, 
rapid-fire  gun,  using  pre-loaded  hydrazine,  hydrazine  nitrate  water 
monopropellant  and  similar  ones  using  liquid  Injector  bipropellant 
systems;  it  overs  a  shoulder  weapon,  .30  caliber,  using  propyl 
nitrate  mono^ropellact  systems;  and  larger  caliber  tank  guu,  using 
both  bipropellont  and  aonopropellant  systems. 

Another  paper,  “EFFECTS  OF  CHEMTCAL  COMPOSITIOR  OF  JP-k  FUEL 
OR  LiqOID  ROCKET  THRUST  CHAMBER  COMBUSTION  CHARACTERISTICS, "  was  re¬ 
viewed  In  effect  by  Mr.  Ellis  of  Aerojet,  tide  morning.  *  •'•eat  part 
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of  what  «u  In  this  paper  formed  the  su' stance  of  Mr.  Ellis*  eameents 
ear 15 *r. 

Ball  Aircraft,  Messrs.  Potter  and  VAyman,  submitted  a  paper 
on  the  "HTPEROOUC  IGBOTiril  OT  LISPID  OTTOER/HYDROCARBON  ROCKET 
ERGIOTS."  The  eaceeaafol  compounds  were  alkyls t  triethyl 

almimna,  diethyl  alumina  monohylrid*,  and  triisobutyl  alunlmn. 

Another  paper,  subsdtted  by  Bqipel  and  Marsel,  !fev  York 
University,  entitled  "ACETHOTC  COJCOURDC  FOR  ROCKET  PURLS,"  arrived 
after  the  preprints  were  Issued  and  Is  not  Included  iu  Volume  2  of  the 
preprints.  This  paper  presents  the  properties,  stabilities,  and  cal¬ 
culated  performance  values  for  several  aoetylanla  compounds  and  blends 
thereof  as  fuels  for  ran  rocket  and  tuxtooroeket  systems. 

"SOME  ASPECTS  OP  OXYTJER  FLUORIDE  AS  A  ROCKET  OXIDIZER"  Is  the 
title  of  a  paper  by  Horace  of  Jet  Propulsion  Laboratory.  This  lists 
the  properties  of  oxygen  fluoride,  discusses  Its  suitability  as  a 
rocket  oxidiser,  and  isakes  ecr^arlsons  with  oxygen  fluorine  mixtures. 

A  paper  entitled  "NORMAL  PROPYL  NITRATE:  COMPOSITION  CT  THE 
COMfERCIAL  MATERIAL  ADD  SOME  PHYSICAL  PROPERTIES  GP  THE  PURE  COMPOUND," 
was  submitted  by  Beatty  of  the  Ethyl  Corporation  Research  Laboratories. 
This  Is  a  compilation  of  soma  data  primarily  on  the  very  pure  material 
and  Is  a  refinement  of  previa*’  -  .alues  determined  by  the  Ethyl  Labor¬ 
atories  and  others.  It  «li>  «  of  1  ,.;rryt  to  those  concerned  with 
the  ties  of  normal  propyl  '*  .  at  *. 

Cuddy  of  Wyaaf'4ta  vhJtA^ale  CorpraAiion  has  witter  a  paper 
on  "AR  ADIABATIC  AIR  CXMEBSSTON  VK'HT  TESTER  FOR  LKJJID  MOTfO- 
PROPKLLARTS."  This  paper  <k>orlbes  very  nicely  the  high  degree  of 
refinement  necessary  both  in  dot4  ■  x  and  te.ihnlqua  needed  to  get  repro¬ 
ducible  Ignition  results  by  a  dr  up  wwxg^.i  teeter.  The  papev  also 
includes  relative  sensitivity  vtJ.u  xyr  a  r-jflht-  of  aonorn-opeJ  lents . 

Another  paper  on  shock  te :  -lag  by  Hannum  of  Hefco  Laborator¬ 
ies  is  entitled  "HAZARD  TKTTNli  STB  MECHANICAL  IMPACT.-  This  describes 
rather  briefly  an  apparatus  t-  ~  '•ete  mining  the  Impact  sensitivity  for 
materials  at  controlled  , emgpe  rat  -  *s,  including  temperatures  at  which 
the  sample  exhibits  a  high  vapor  jute rare. 

A  paper  I  was  gl~d  to  see  was  the  "THARSIERT  AND  STEADY  STVTE 
HEAT  TRANSFER  PROBLOC  ASSOCIATED  WITH  ROCKETS  umjKTRQ  OXYGEN." 

This  is  by  Lleberaan  of  Edwards  Air  Force  Base.  This  is  a  detailed 
analysis  of  the  sources  of  boil -off ,  In  an  lrutallation  for  tbs  handling, 
utilisation,  transfer,  and  storage  of  liquid  oxygen  and  Includes  analy¬ 
sis  of  losses  In  several  components  of  the  system.  Indicating  thu 
nature  of  the  losses  and  the  approaches  possible  to  minimise  them.  It 
contains  rather  alarming  figures  on  the  proportion  of  LUX  purchased  to 
that  which  le  actually  used  in  a  test  run. 
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Mr.  Forbes,  Wright  Air  Development  Center,  bu  a  brief  paper 
on  the  "STORAGE  ABC  HAHCLTBO  OP  U&JKHXD  TLOORETB."  He  describes  the 
derelopaent  ana  field  testing  of  a  prototype  no-loss  system  for  the 
storage,  transportation,  and  transfer  of  ll^iid  flnorlne. 

Also  from  Wright  Air  Development  Center,  by  hr.  Harris,  Is 
a  paper  entitled,  "A  METHOD  TOR  KUKHIATINO  IBB  BffiCTS  0?  RESIDUAL 
NTTPKJ  ACID  ST  ROCKET  KN3UTES  AIC  RELAXED  BSPIPHEHT."  This  describes 
a  cleaning  systesi  which  briefly  involves  satervash,  treatment  with  an¬ 
hydrous  amonla,  and  treatmant  vlth  phosphoric -ohroodc  acid  solutions. 

An  engine  so  treated  can  be  stored  apparently  Indefinitely  without 
corrosion  or  other  debilitating  effects. 

There  are  two  papers  on  field  tests  of  propellants,  one  en¬ 
titled,  "TlfclD  TEST  KITS  TOR  CORPORAL  FUEL  AMD  OXIDIZER,"  In  which  Miraca 
Vango,  and  Taylor  of  Jet  Propulsion  Laboratory  describe  the  analytical 
procedures  for  the  determination  of  nitrogen  dioxide,  water,  and  hydro¬ 
fluoric  acid  content  of  R7HA,  and  the  hydraslne  end  water  In  the  fuel, 
which  Is  an  aniline  furfuryl  alcohol  and  hydraslne  mixture.  The  series 
of  tests  Indicated  are  rather  precise  and  rather  rapid  In  execution. 

Also  reported  is,  "A  FTKD  METHOD  TOR  O5TERMD1AII0H  OF 
HUROCHOT  TLUORIDB  ST  TOKOTO  HITRIC  ACID,"  by  Torhes  of  Wright  Air 
Development  Center.  The  dstenrJ "it! r -  HP  Is  based  on  the  current 
generated  by  the  spontaneous  *'  rti-  .  r*  n  of  dilute  hydrofluoric  acid 
solutions  In  a  cell  by  plstir  i  .’nd  *  .umJLr.tmi  electrodes. 

COMMAHDKB  THPAX.  .».s%  very  rt'n,.  Mr.  Sorest*! p.  Ky 

apologies  for  be  ing  a  om?''*  of  abia>*+*s  late. 

The  next  item  on  the  ecsafi--  is  a  motion  picture  on  the 
development  of  a  LAR  rocket.  This  L-  >  presented  by  Mr.  W.  R,  Tlsh 
of  the  RSval  Ordnance  Test  Statlir. 

MR.  TI3H:  This  film  on  the  ol'-'och  Liquid  Propellant 
Aircraft  Rocket  (LAR)  was  aade  fer  a  vx>re  general  audience  than  this. 

It  was  not  aade  particularly  for  U«pi±d  propellant  meetings  of  this 
kind.  However,  It  describes  the  I  end  places  particular  emphasis 
on  those  aspects  that  are  Important  tc  field  handling  of  liquid 
propellants  and  liquid  propellant  rocket  systems.  In  the  LAR  program, 
although  we  did  not  take  this  approach  In  the  beginning,  In  recent  years 
we  have  taken  the  approach  that  it  is  Impractical  to  handle  li^jld 
propellants  on  shipboard.  Of  course,  this  approach  Is  being  taken  else¬ 
where  In  relation  to  the  handling  of  liquid  propellsuts  ashore.  Ho  in 
our  design  work  we  have  placed  a  requirement  on  ourselves  to  design  a 
rocket  that  can  be  loaded  at  the  assembly  plant  and  stored  for  long 
periods  of  time.  This  Imposes  certain  requirements  upon  the  propell¬ 
ants  which  I  am  sure  are  quite  ob-rl rw*  to  you.  These  requirements  will 
be  brought  out  in  the  fils.  This  film  Is  not  complete  in  that  there 
are  some  retakes  that  have  to  be  Inserted  end  some  other  corrections  to 
be  made.  I  am  showing  yon  t^day  what  is  known  as  an  answer  print. 

CONFIDENTIAL 


105 


CONFIDENTIAL 


It  la  not  finals  ready  for  release.  I  t bought  that  it  vould  be  Im¬ 
portant  to  show  it  tc  you  today,  so  I  cm  taking  liberties  to  shew  you 
an  unfinished  product. 

The  film  "TECHNICAL  TUM  REPORT  OR  LAR,  A  LKJTED  PROPELLANT 
AIRCRAFT  ROCTirr,"  v«  shown. 


PAPER 

SOME  PROPEUAMT  PROPERTIES  THAT  IHFLPgNCg  THE 
DESIGN  CP  ROCKET  PR^tAglOR  SYgBB 

by  F.  N.  Watts 

Rocketdyne,  A  Division  of  North  American  Aviation,  Ino. 
(See  pages  305  to  Volume  1,  PPL  212/13) 


r.-:  ?ared  nseesmow 
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PAPER 

A  TOW-CCfCERG  ETHMC  PECCR  REACTOR 

by  Loren  C.  Stalth 
Wyandotte  Chemical*  Corporation 

(See  pages  335  to  3^,  Volume  1,  PPL  212/13) 


PREPARED  PT9CP3SI01T 


by  Homer  B.  Wellman  and  John  W.  BJerklie 
(Presented  by  Dr.  Wellman) 
American  Machine  and  Foundry  Company 

(See  following  /ogee,  106  to  122) 


10  r 


CONFIDENTIAL 


CONFIDENTIAL 


Wellman  &  BJerkJLle 


Discussion  Prepared  by 
Homer  B.  Wellman  and  John  V.  BJerklle 
AMERICAN  MACHINE  AND  FOUNDRY  COMPANY 
Turbo  Division 
Pacoiaa,  California 
on  Loren  C.  Snith  Paper 
A  NON-CCKXNG  ETHYLfTTE  OXIDE  REACTOR 


I  Introductions 

Mr.  Smith  must  be  commended  for  the  excellent  vork  he  has 
done  on  his  ethylene  oxide  gas  generating  chamber.  Specifically, 
his  chamber  is  exceptional  for  its  low  rate  of  catalytic  carbon 
deposition  due  to  the  cold  v*„'l  principle  of  operation.  Also,  his 
chamber  starting  technique  ,r  commendable  because  of  the  efficiency 
achieved  and  because  of  tt;.<  irall  surface  area  of  the  glow  rod  start¬ 
er.  The  mechanical  detig)  i*  .-.:ry  r.'-.t  and  simple  considering  thn 
complication  of  operation,  •‘.‘he  chamber  exLii’.i's  a  caxtair  tamr.-  of 
versatility  in  allowing  o^s-ition  aJ.  vnry  low  L*,  and  because  the 
stage  starting  principle  is  x*auil>  .(.pile  able  to  the  design  of 
efficiently  starting  chambe.  nv  ar*y  flow  rate.  The  Smith  chamber 
is  among  the  best  types  availtole  for  ultimately  achieving  very  long 
duration  runs. 

As  a  scientific  tool  for  invrr  ..gat Lug  a  principle  of  cham¬ 
ber  design,  the  Smith  chamber  is  v>»yond  reproach,  and  has  been  the 
source  cf  extremely  signific.-n;  knowledge.  As  a  chamber  for  practi¬ 
cal  application,  another  look  must  be  taken.  As  a  chamber  illustra¬ 
ting  a  practical  method  for  use  of  ethylene  oxide  monofuel,  certain 
reservations  are  in  order.  As  a  chamber  for  anti-coking,  some  con¬ 
structive  suggestions  may  br  made. 

II  Evaluation  of  the  S'?ith  Chamber: 

It  is  clear  that  the  Smith  cold  wall  chamber  is  one  of  ingen¬ 
ious  design  which  is  easily  assembled  through  use  of  fitted  threads 
and  common  gasket  materials.  The  reactor  offers  the  following  advan¬ 
tages: 


(1)  Rapid  and  efficient  ignition  with  minimum  heated  surface. 
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(2)  Staging  of  reactors  vbicb  allows  attainment  of  high 
flow  rates. 

(3)  Operation  at  low  L*  due  to  enforced  recirculation  or 
mixing  of  hot  product  gases  with  preheated  incoming 
fuel  by  reverse  flow. 

(%)  Elimination  of  all  catalytic  carbon  formation  by  use  of 
cold  walls. 

(5)  Possibility  of  adaptation  for  thermal  decomposition  of 
hydrogen  peroxide. 

Hcwever  this  type  of  reactor  ha*  certain  inherent  disadvan¬ 
tages: 


For  starting: 

(1)  High  wattage  requirement  in  order  to  shorten  axis  time. 

(2)  Elaboration  of  fuel  flow  control  and  glow  rod  power  con¬ 
trol  for  starting. 

(3)  Long  delay  before  full  ;*low  is  obtained. 

For  operating  control: 

Since  the  Smith  reactor  cano.'t  oe  eco-rolied  by  interrupted 
flow  because  of  danger  of  flame  out  ••v'/or  iombuati.  \  inetability, 
control  must  be  by  other  swans.  Howver,  these  systems  have  definite 
deficiencies  as  follows: 

(1)  Suitability  of  fuel  th.v*. tiling  ic  Hailed  at  lov  reactor 
pressure  by  carbon  forrntiuU,  d -crease  in  reaction  rate, 
and  Impaired  recirculaf.cn. 

(2)  Suitability  of  exhaust  throttling  is  limited  at  high  L* 
settings  both  by  carbon  formation  and  impaired  recir¬ 
culation. 

(3)  Use  of  exhaust  dumping  for  control  is  not  efficient. 

For  reliability: 

(1)  Accidental  interruption  of  flow  can  cause  flame out. 

(2)  A  new  problem  appears  to  be  introduced  by  the  use  of 
regenerative  cooling,  namely  polymerisation  and  the 
blockage  of  fuel  packages. 
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These  disadvantages  are  explained  below. 

III.  Basis  of  Evaluation: 

Any  solution  to  the  coking  problem  associated  with  ethylene 
oxide  gas  generators  must  be  viewed  together  vith  other  chamber  prob¬ 
lems.  Generally  speaking,  the  most  severe  problems  are  starting,  con¬ 
trol,  and  coking  -  the  order  of  importance  depending  upon  the  mission 
to  be  accomplished. 

Utility  in  starting  has  been  demanded  in  most  practical  appli¬ 
cations.  For  this,  use  should  be  made  of  readily  available  sources  of 
power.  Elaborate  timing  devices  or  sequencing  devices  should  be 
avoided,  and  full  chamber  pressure  should  be  available  as  rapidly  as 
possible  after  turning  on  tk®  fuel.  For  electric  glow-coil-started 
chambers,  a  timed  arm  period  is  prooably  the  least  complicated  start¬ 
ing  system  since  only  one  operation  is  required  before  the  actual 
chamber  starting  operation.  T'  e  fastest  method  for  such  starting  is 
to  use  very  high  wattage;  and  the  most  efficient  method  is  program¬ 
ming,  and  the  most  utilitarian  is  to  use  low  arming  power.  Actual 
syst-m  requirements  will  ultimately  determine  the  best  initiation 
metnod  for  a  given  application. 

Minimum  surface  are.,  of  the  glow  rod  must  be  a  consideration 
for  any  chamber  in  which  carbon  deposition  is  a  major  factor. 

The  widest  range  of  member  power  output  for  a  gtveu  volume 
chamber  can  be  achieved  with  the  bong -bang  syuteu.,  the  hot  ghs  dump 
valve,  or  the  variable  area  jxhaust  nozzle.  However,  the  high  L*’s 
associated  with  some  phases  of  operation  with  the  latter  system  can 
magnify  the  coking  problem.  The  output  range  (chamber  pressure 
range)  for  a  given  chamber  with  the  high  frequency  bang-bang  (dither) 
system  and  fuel  flow  throttling  ccni  ol  incruu  os  «ri -h  I.*,  but  there 
is  evidence  that  at  low  prersures  t  ie  on  problem  ic  aggravated. 

Complete  freedom  of  choice  of  usable  control  systems  for  an 
ethylene  oxide  chamber  can  best  be  achieved  by  including  large  a- 
mounts  of  hot  material  wituin  the  comb  us  tion  zone.  This  preventr 
the  usual  instability  or  flameoui  of  chambers  associated  with  bang- 
oang  control  when  the  walls  cool  slightly  at  part  load  operation. 
Needless  to  say,  such  a  gas  generator  promotes  coke  formation  and 
chemical  means  of  carbon  prevention  are  required.  Also,  chemical 
means  can  be  used  to  extend  the  usable  range  of  chamber  pressure 
for  a  given  L*  chamber. 

An  important  consideration  for  the  coicing  pi oblem  with  any 
ethylene  oxide  decomposition  chamber  is  the  use  of  ctemical  additives 
in  the  fuel  and  special  metallic  surfaces  in  the  comtustion  zone. 

Also,  for  chambers  having  special  control  systems  thr  principles  of 
fluid  dynamics  for  minimizing  carbon  deposition  is  an  important  con¬ 
sideration.  These  considerations  are  in  addition  to  that  found  by 
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Smith,  namely,  the  use  of  cooled  vails  for  gas  generators  to  prevent 
catalytic  carbon.  It  might  be  noted  here  that  the  Smith  chamber 
probably  depends  in  part  upon  its  internal  fluid  dynamics  for  some 
of  its  good  anti -coking  tendencies. 

In  the  body  of  his  paper  Mr.  Smith  describes  a  problem  vith 
rapid  polymerization  of  ethylene  oxide  within  the  regenerative  cool¬ 
ing  section  and  around  the  igniter  rod  of  the  gas  generator. 
Polymerization  in  the  fuel  passages  was  shown  to  be  detrimental  to 
long  duration  operation.  His  hope  for  contraversion  of  polymeriza¬ 
tion  are  based  on  observations  of  a  shift  in  the  regions  where 
polymerization  occurs.  However,  this  also  raises  questions  as  to 
the  fate  of  dissolved  polymers  normally  contained!  in  ethylene  oxide 
fuel.  These  is  little  doutf  that  the  best  solution  to  both  problems 
in  the  cold  wall  reactor  would  be  the  discovery  of  a  satisfactory 
inhibitor  which  would  not  only  maintain  low  polymer  content  during 
fuel  storage,  but  also  retard  polymerization  in  the  regions  vher  „*  it 
is  encountered.  However,  with  hot  wall  reactors,  no  polymerization 
problem  is  encountered  because  substantial  concentrations  of  high 
molecular  weight  polymer  are  gasified  without  coke  formation.  In 
fact,  in  our  work,  we  have  added  substantial  amounts  of  polymer 
(9000  MW)  without  seriously  impairing  reactor  operation. 

IV.  Reliable  Operatic:.  ».ith  Hot  Wall  Chambers 

Because  of  the  greet  general  versatility  acu..-  •va'-V;  with  hot 
wall  reactors,  we  feel  that  some  recent  gains  or.  the  coke  pioDlem 
associated  with  such  reactors  should  be  mentioned.  We  would  like  to 
discuss  the  chemical  approach  and  the  fluid  dynamic  approach  to  pre¬ 
vention  of  carbon  deposition. 

Under  Air  Force  Contract  AF  33(6l6)-317f’  with  Air 

Development  Center,  the  Research  Department  of  toe.  .-...eri  can  Machine 
and  Foundry  Company  has  undertaken  tk«“  stub,  of  anti-coking  in  hot 
gas  generators.  This  work  begt  n  November  6,  1955  and  four  quarterly 
reports  have  been  submitted,  the  latest  covering  the  period  ending 
November  1,  1956.  This  work  is  'it ill  continuing  through  1957,  but 
largely  directed  toward  improved  starting  characteristics  of  ethylene 
oxide. 


Oar  investigations  to  date  have  given  information  which  is 
summarized  in  Figure  0  shoving  nine  rules  leading  toward  coke-free 
operation  of  hot  wall  generators. 

ANTI-COKING  SURFACES 


With  the  195^  model  gar  generator  shown  in  Figure  1,  scores 
of  five  hour  tests  have  been  completed  at  coking  levels  below  10  ppm. 
As  long  ago  as  the  second  oonopropell  urt  conference  in  November,  1955, 
Mr.  Richard  Kirkup  of  Walter  Kidde  and  Company  reported  tventy-four 
hours  of  consecutive  tests  of  the  Navaho  reactor  in  which  only  ten 
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grams  of  coke  was  deposited  from  two  and  one-half  tons  of  ethylene 
oxide  fuel  containing  additive.  This  corresponds  to  6  ppm  (six  parts 
by  weight  of  coke  per  million  parts  of  ethylene  oxide  feed).  We 
have  alvays  considered  the  necessary  goal  for  coke  formation  to  be 
zero.  In  accordance  with  Walter  Kidde's  findings,  aluminized  stain¬ 
less  steel  surfaces  require  very  little  pre-treatment  with  sulfur 
compounds  for  complete  passivation.  Likewise  our  use  of  a  silver 
liner  merely  protects  the  gases  from  contact  with  untreated  stain¬ 
less  steel  surfaces  of  the  reactor  walls.  More  important  in  the  19^4 
model  reactor,  the  silver  liner  serves  to  conduct  heat  from  the  ex¬ 
haust  end  toward  the  fuel  inlet  end  of  this  "straight  through" 
reactor,  and  in  no  way  catalyzes  the  reactions,  as  was  first  supposed. 
Furthermore,  we  have  found  it  possible  to  completely  passivate  the 
stainless  steel  to  attain  the  same  low  coking  levels  reached  with 
aluminized  stainless  steel  and  silver  liner.  Purely  for  convenience 
we  have  been  passivating  the  19^4  model  reactors  by  actual  running 
after  cleaning  and  reassembly.  Thirteen  of  these  reactors  were  used 
in  our  tests,  and  many  of  the  reactors  cleaned  and  reused  for  several 
scries  of  coking  tests.  Upon  reuse,  the  reactor  is  very  much  easier 
to  passivate  but  a  newly  constructed  reactor  requires  about  two 
hours  of  running  with  l£  sulfur  additive  and  dioxane,  and  0.094 
inch  nozzle  instead  of  the  normal  .032"  nozzle  to  minimize  total 
carbon  accumulated.  Any  carbon  accumulated  has  no  effect  whatsoever 
on  further  accumulations  ir.  contradiction  to  the  suggestion  given  as 
one  of  the  possible  mechan.ims  of  coke  formation.  The  best  passiva¬ 
tion  treatment  is  one  or  i  :n  hours  of  heating  in  an  electric  furnace 
at  1900°  to  2000°F  while  pa*- .ting  diluted  '-tydror^n  sulfide  gas  through 
the  reactor.  The  exact  technique  it.  now  being  feotahlish''.!  Lj  us. 

USE  OF  ANTI -COKING  ADDITIVE 


Of  all  the  sulfur  additives  "hown  in  Figure  2,  disulfide  and 
dimethyl  su' foxide  have  been  proven  uo  cor.tr' .  ut*-  me—  than  10  rpm 
coke  formation  in  the  gas  ph«*=e,  how>:vc»,  with  rath  of  the  other 
sulfur  additiver  tiled,  it  har  .ecu  possible  at  times  to  obtain  one 
or  several  one-hu-.f  hour  tests  in  succession  with  no  measurable  coke 
formation  whatsoever.  These  null  results  are  not  due  either  to  in¬ 
accuracies  in  weighing  the  gas  generator  nor  to  fortuitous  loss  of 
carbon  deposit  out  the  exhaust  nozzle.  Until  recently  when  expedition 
of  work  required  multiplicity  of  tests  with  the  same  chamber,  no 
losses  in  weight  were  ever  coserved  in  any  of  the  tests.  Such  losses 
are  observed  in  reactors  only  when  about  five  grams  of  carbon  has 
accumulated.  It  is  very  important  to  know  that  for  clean  up  opera¬ 
tion  there  is  a  lower  limit  of  approximately  0.1$  available  sulfur 
required  to  maintain  passivation  of  the  stainless  steel  surfaces 
within  the  generator.  We  have  also  found  that  a  maximum  of  approxi¬ 
mately  ljE.  of  available  sulfur  is  all  that  can  be  tolerated  without 
both  transforming  the  chemistry  of  decomposite  .  l  of  ethylene  oxide 
and  actually  causing  coke  formation  in  the  gas  phase.  At  60°F  inlet 
fuel  temperature  3<Jt  of  th'oxane  in  ethylene  oxide  gives  clean  opera¬ 
tion  of  the  gas  generator,  whereas  6 %  will  not  only  cause  "chugging". 
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tut  also  severe  coking.  Moreover,  6%  of  thioxane  will  allow  severe 
coking  and  slightly  excessive  flame  temperature  at  l60°F  inlet  fuel 
temperature. 

USE  OF  COOLANT  ADDITIVE 

It  was  early  found  that  the  flame  temperature  in  the  gas 
generator  must  not  exceed  lJp2°F  or  coke  formation  in  the  gas  phase 
ensues  vith  consequent  gradual  blockage  of  the  exhaust  nozzle.  It 
was  found  that  the  use  of  l,U-dioxane  in  accord  with  the  calculated 
amount  shown  ir.  Figure  3  enables  coke-free  (below  lOppm)  operation 
up  to  the  highest  fuel  temperature  tested,  namely  250°F.  A  deficien¬ 
cy  of  dioxane  addition, as  little  as  1. 5$, was  also  proven  to  cause 
coke  formation  in  the  gas  phase. 

USE  OF  IGNITION  rEIMER 


It  is  apparent  that  addition  f  dioxane  necessarily  inter¬ 
feres  with  cold  starting  of  gas  generators  in  a  ranner  which  is 
clearly  shown  in  Figure  Our  present  problem  is  to  suitably  lower 
the  ignition  temperature  of  ethylene  oxide  by  the  use  of  another 
compatible  additive,  possibly  nitromethane  which  serves  as  an  oxid¬ 
izer  since  the  sulfur  compounds  required  for  anti -C eking  are 
easily  ignitable.  The  problem  is  perhaps  confired  to  determining 
the  optimum  concentrations  and  the  i <  ;,ht  combination  of  these  tvo 
types  of  additives.  The  illustvat.' on  zf  effectiveness  of  one 
combination  is  given  in  Figure  5  vluch  shows  tne  tee*  mature  rio£  of 
the  ignitor  with  time  and  seconds.  />  drop  of  300°F  in  minimum  temp¬ 
erature  required  lor  ignition  was  obtained  with  total  additive  con¬ 
tent  of  1056.  This  mixture  was  unsatisfactory  from  the  standpoint  of 
coking.  However,  since  we  have  found  coke -free  operation  with  as 
much  as  3%  1-thio-^-oxane  or  thioxane,  it  is  ilghly  c*'bnblc  that  we 
shall  obtain  the  desired  results  with  further  additiur  A  r.iii  thane 
and  l,U-dioxane  in  proper  prcporcionr.  ■ 

EFFECT  OF  L*  AND  REACTOR  RRES3URE 


Our  195k  model  gas  generator  was  used  for  all  the  anti-coking 
tests  only  because  this  proved  to  be  the  most  economical  method  of 
determining  the  critical  factors  in  ~oke  formation  and  deputation. 

It  was  admitted  earlier  that  in  numerous  one-half  hour  test3  actually 
no  carbon  was  deposited  but  this  result  was  neither  predictable  nor 
reproducible  at  will.  We  believe  that  this  is  due  to  the  critical 
and  variable  nature  of  the  internal  fluid  dynamics  in  any  ('straight- 
through')  gas  generator.  However,  the  use  of  this  type  of  reactor 
showed  the  highly  critic al  limitations  of  L*  and  reactor  pressure 
ordinarily  maintained  at  POSO  inches  and  500  pslg  respectively.  Re¬ 
duction  of  L*  to  1600  jermitted  use  of  3%  less  dioxane  coolant  in  the 
ethylene  oxide  monofuel.  Increase  in  L*  to  2600  caused  severe  coking 
throughout  the  gas  phase  with  consequent  plugging  of  the  exhaust, 
nozzle.  With  hot  will  reactors  we  have  been  using  on-off  fuel  control. 
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In  our  reports  it  was  also  shown  that  three  cycles  per  second 
interrupted  flow  or  ' diddling1  with  50%  fuel  on  time  allowed  clean 
operation  at  higher  fuel  temperatures  where  coolant  additive  would 
otherwise  have  been  required.  The  use  of  "dithe  ing'  ,  high  frequency 
cycling  (10- jO  cps )  interrupted  flow,  for  varying  the  fuel  flow 
lovers  the  average  reactive  pressure  which  tends  to  aggravate  forma¬ 
tion.  The  additive  requirements  to  neutralize  this  affect,  have  not 
yet  been  evaluated.  However,  the  data  accumulated  to  date  are  suffi¬ 
cient  to  lend  reasonable  hope  that  completely  coke-free  operation  for 
indefinite  periods  is  obtainable  at  all  ambient  temperatures  up  to 
250  or  more,  and  with  satisfactory  ignitability  at  all  temperatures 
down  to  mi’ us  70°F.  At  this  stage  of  the  investigation  it  appears 
most  important  that  ve  develop  a  reactor  of  the  vortex  type  so  that 
coke  free  operation  can  be  achieved  by  combining  the  fluid  dynamic 
effect  witli  the  chemical  methods  of  coke  suppr  scion. 

VORTEX  CHAMBER 


The  vortex  type  chamber  is  a  typical  chamber  having  controlled 
fluid  dynamics.  A  schematic  of  this  chamber  is  shown  in  Figure  6. 

Tne  fuel  enters  tangentially,  flows  along  the  wall  in  the  liquid  or 
vapor  phase  and  decomposes  as  it  flows  spirally  toward  the  exhaust 
port,  sustained  operation  is  achieved  by  virtue  of  the  entraining 
effect  of  the  fuel  spray.  The  relatively  high  local  velocities  at 
tiie  walls,  the  probable  high  .'.oral  turbultnce  levels,  and  the  lack 
of  any  obstructions  which  couhu  induce  stagnation  regions  should 
drastically  reduce  carbon  deposition.  It  is  v.l"C  worthy  o:  note  that 
such  a  chamber  is  virtually  f  two  dimensional  analogue  of  tr.o  naif  of 
the  Emith  chamber,  defined  by  a  dividing  line  running  axially  through 
the  injector  and  glow  rod. 

Proper  design  should  assure  re'sonably  fast  and  reasonably 
efficient  electrical  starts.  Pyrotechnic  or  ■••! .  propel!,  .in  t-  starting 
should  also  ie  reasonably  efficient.  Cent.  ~1  of  den  a  chamber  is 
probably  Initially  limited  to  th.  Uoe  01  fuel  throttling,  exhaust 
throttling,  or  hot  gas  dump  valve.  However,  the  bang-bang  type  of 
control  may  be  possible  if  large  mass  liners  of  high  heat  conductivi¬ 
ty  metal  are  used  throughout.  Carbon  deposition  in  such  a  chamber 
even  with  iu  fuel  additive  or  special  surfaces  should  be  of  accept¬ 
ably  low  values  for  a  large  variety  of  applications .  Exceptional 
anti -coking  performance  shoulo  be  demonstrable  with  such  aids  a» 
special  additives  and  surfaces. 

V  Conclusions: 

In  conclusion  it  would  appear  that  the  general  solution  to 
the  ethylene  oxide  gas  generator  carbon  deposition  problem  requires 
a  chemical  approach  in  addition  to  others.  The  fact  that  such  a 
solution  is  nearly  at  hand  is  fortunate.  Coke  prevention  by  such  a 
means  allows  the  use  of  hot  vail  chambers  vhich  have  high  adaptabi¬ 
lity  to  various  starting  and  control  systems.  For  special  chambers. 
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control  of  the  fluid  dynamics  of  the  chamber  can  be  extremely  bene¬ 
ficial  for  prevention  of  carbon  deposition.  The  Smith  chamber  pre¬ 
sents  another  very  good  specific  solution  to  the  cata  ytic  coking 
problem  vith  its  principle  of  vail  cooling.  The  three  methods  are 
not  mutually  exclusive,  and  if,  wherever  possible,  they  are  all  used 
together,  the  carbon  deposition  problem  for  ethylene  oxide  gas  gen¬ 
erator  chamber's  should  be  virtually  eliminated.  The  use  of  chemical 
additives  can,  and  has,  greatly  relieved  the  starting  problem  vith 
ethylene  oxide  and  extended  the  low  pressure  limits  of  operation  vith 
a  given  chamber.  The  Smith  chamber  has  been  a  superb  research  tool 
for  experimental  evaluation  of  starting  techniques  and  prevention  of 
catalytic  carbon. 
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Figure  0 


GAS  GENERATOR  A.M.F  MODEL  -171  (1964) 
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PiiOPERTIES  OF  ANTI -COKING  .  OD  IT  IVES 


Sulfur  content 

Wt.  $ 

Density 
g/ml  at 
68°F 

Freezing 

Point 

Op 

Boiling 

Point 

op 

♦Carbon  disulfide 

8U 

1.263 

-I63 

115 

♦Methyl  sulfoxide 

1+1 

1.100 

+  65 

372 

Metnyl  sulfide 

52 

0.81+6 

-ne 

99 

Methyl  disulfide 

68 

1.055 

- 

21+3 

Ethyl  sulfide 

35 

0.837 

-11+8 

200 

Thiophene 

38 

1.068 

22 

183 

1-Thio  U-oxane 

31 

l.Uo 

-  8 

300 

*♦1,  h-Dithian 

53 

Solid 

+  233 

391 

l,U-Dioxane  (coolant) 

0 

1 .0«3 

+ 

21  >1 

♦Carbon  disulfide  and  at  hyl  sulfoxide  at  concentrations  belov  l^t 
cause  coke  formation  in  gas  phase.  On  occasion  all  other  sulfu^ 
additives  tested  have  eliminated  all  coking. 

♦♦Compound  not  yet  tested. 


Figure  2 
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DIOXANE  ADDITIVE 


FIO.  3 
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EFFECT  OF  DIOXANE 
ON  IGNITION 


DIOXANE  ADDITIVE,  WT.  % 

FIQ.  4 


CONFIDENTIAL 


120 


CONFIDENTIAL 


We  Hun  4  BJerklle 


TEMPERATURE  RISE 
OF  IGNITER 


NO.  5 
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V.  T.  Rjjgggg  (Conralr)}  I'd  like  to  uk  a  question  relative 
to  the  mount  of  water  specified,  900  parte  per  Billion  ~  do  you  know 
whether  any  attempt  Is  being  aads  to  Incorporate  that  or  a  lover  figure 
In  the  specification,  which  I  understand  Is  forthcoming  for  ethylene 
oxide? 

MR.  Tes. 
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Discussion  Prepared  by 
Dr.  Halter  T.  Olson 
Chief,  Propulsion  Chemistry  Division 
Levis  Plight  Propulsion  laboratory 
Rational  Advisory  Conmittee  for  Aeronautics 

on  Dr.  B.  A.  DrZufbay  and  Dr.  S.  M.  King  Paper 
HIGH  ENERGY  FUELS  IN  AIR-BREATHING  ENGINES 


Dr s.  DeZubay  and  King  have  outlined  for  us  the  heats  of  combus¬ 
tion  of  substances  that  might  conceivably  serve  as  high  energy  fuels, 
and,  further,  they  have  discussed  some  of  the  problems  that  might  be 
expected  to  be  encountered.  I  shall  use  most  of  ay  comment  time  to 
enlarge  on  same  of  the  problems  attendant  on  the  use  of  boron  fuels 
in  engines. 

Before  making  these  specific  consnerts  on  boron  fuels,  however,  I 
wish  to  point  out  one  factor  involved  m  zjn  ere  of  hydrocarbon  fuels 
that  is  an  important  one  to  consider  for  any  fuel*  i.hat  in,  the 
ability  of  the  fuel  to  serve  as  a  coolant,  fuel  cooling  is  already 
used  for  engine  lubricant.  Increasing  cooling  loads  may  include 
cabin,  electronics,  end  even  engine  turbine  and  other  engine  parts 
as  flight  is  pushed  to  higher  kfech  nirbers.  Figure  1  shows  some 
fuels  typical  of  those  that  the  authors  have  *■.  )rs±sl«r.*!.  The  heeling 
values  on  a  weight  basis  and  the  volume  ■*'.  .uirwd  to  contain  a  given 
heating  value  are  listed  for  JT-G,  selected  light  hydrocarbons  (SLH), 
metiane,  ethyldscaborane,  and  hydrogen.  The  last  column  lists  cooling 
capability  which  is  simply  the  sensible  and  latent  heat  that  the  fuel 
could  absorb  between  a  lefrigerateu  state  near  its  freezing  point  nn* 
a  temperature  where  thermal  degradation  of  one  kind  or  another  is 
encountered,  or  a  reasonable  upper  limit  of  1000°  F)  the  value  is 
expressed  as  percent  of  the  heat  of  combustion.  Ordinary  Jet  fuels 
are  limited  by  freezing  point  at  one  end  and  excessive  gumming  at  the 
other  end  of  the  temperature  scale.  Die  temperature  at  which  gumming 
becomes  excessive  depends  on  the  batch  of  fuel,  but  some  poor  quality 
batches  have  already  caused  trouble  in  modern  engines  where  the  main 
heat  being  dumped  into  the  fuel  cooes  from  the  oil-fuel  heat  exchanger. 
Low  molecular  weight  hydrocarbons,  with  methane  as  an  outstanding 
example,  can  be  refrigerated  to  much  lover  temperatures  than  Jet 
fuels,  can  be  heated  to  higher  temperatures  without  thermal  degrada¬ 
tion,  and  have  a  slightly  higher  specific  heat;  thus  they  afford  two 
to  three  tines  the  cooling  capeMllty  of  current  Jet  fuels  (ref.  l). 
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The  boron  hydride  fuels  have  more  tendency  to  decompose  at 
elevated  temperatures  than  the  hydrocarbon  fuels.  This  poses  a 
particular  problem  in  their  use.  They  will  not  be  good  refrigerants 
or  heat  sinks ,  and  they  may  even  have  to  be  protected  from  exces¬ 
sive  temperatures  in  fuel  lines,  nozzles,  and  so  on.  Indeed,  ve 
have  found  this  to  be  the  case  in  some  of  our  experimental  work  vith 
them. 


To  proceed  vith  the  discussion  of  boron  fuels,  however,  the 
ultimate  fuel  that  the  authors  have  mentioned,  ethyldeeaborane  or 
methyldersbcrane,  is  not  yet  available  in  more  than  sample  quantities. 
The  experimental  research  pertinent  to  the  use  of  boron  fuels  in 
engines  thus  can  be  considered  to  have  been  done  vith  interim  fuels. 
This  research  has  been  largely  done  by  the  HACA,  and  dates  back  to 
around  1949  or  1950  when  not  only  diborane  was  being  used  in  small- 
scale  experiments,  but  attempts  were  being  made  to  burn  pure  metals 
including  boron  metal  as  vires,  powders  or  slurries  of  powder  in 
hydrocarbons .  Since  1952  the  HACA,  in  cooperation  vith  the  Air  Force 
and  the  Navy  Department,  Bureau  of  Aeronautics,  has  been  able  to 
continue  vith  research  on  boron  compounds,  vith  pentab crane  as  the 
principal  interim  high-energy  fuel.  Some  engine  experiments  have 
been  conducted  vith  borate  esters  vhich  are  lov-energy  fuels,  but 
vbich  do  have  boron  in  them.  Some  30  reports  on  this  boron  fuels 
research  are  Included  in  a  summary  (ref.  2).  More  than  20  addi¬ 
tional  reports  have  been  published  since  reference  2.  The  latest 
review  of  the  research  in  this  area  by  NACA  was  presented  the  veek 
before  last  at  the  Institute  of  Sciences  Propulsion 

meeting  in  Cleveland  (ref.  3). 

To  revlev  here  quickly  the  highlights  from  research  on  boron 
fuels,  consider  first,  experiments  pertinent  to  their  use  in  turbine 
engines. 

In  early  experiments,  boron- containing  fuels  were  Kc*aed  In 
different  Jet- engine  combustors  vith  o nl;  miuci  modifications  to 
them,  and  the  deposit  problem  as  revealed  in  this  work  is  typified 
in  figure  2.  A  series  of  experimental  studies  has  resulted  in 
several  design  principles  that  greatly  alleviate  this  deposit  prob¬ 
lem.  These  principles,  illustrated  in  one  kind  of  combustor  in 
figure  3,  include  extensive  air  filming,  both  in  the  upstream  end 
and  on  the  walls  of  the  combur.'  u-  to  prevent  deposition.  Also,  the 
fuel  is  air-atomized  finely  and  fed  air  rapidly  from  till  sides  to 
avoid  prolonged  existence  of  rich  mixtures;  vall-vetting  is  avoided 
by  controlled  penetration.  Jets  of  dilution  air  from  long  slots 
penetrate  ve’l  and  interweave  and  cross-diffuse  tc  produce  an 
acceptable  outlet  temperature  distribution.  It  is  considered  now 
that  high  efficiency  combustors  for  boron  fuels  vith  adequate  pres¬ 
sure  drop  and  temperature  profile,  and  vith  relativo  freedom  from 
deposits  cam  be  achieved.  A  picture  of  one  such  combustor  that  was 
evolved  amd  tried  on  am  engine  is  shown  in  figure  3.  True,  the  com¬ 
bustion  principles  have  been  worked  out  on  a  volatile  boron  fuel,  and 
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a  x’ew  preliminary  tests  indicate  that  a  low  volatility  'uel  such  as 
ethyldecaborane  with  its  very  different  properties  vllj.  require  sane 
modification  of  these  design  principles.  That  is  not  surprising; 
the  analogy  would  be  to  try  to  burn  a  light  machine  cil  in  a  system 
designed  to  burn  gasoline.  We  feel  quite  optimistic  about  the  com¬ 
bustion  part  of  the  problem,  however. 

Another  highlight  of  the  research  is  that  a  particular  kind  of 
problem  in  the  turbine  part  of  the  engine  ■»«  encountered.  The  ex¬ 
perience  in  running  current  gas  turbine  engines  on  boron  fuels  at 
simulated  altitude  is  that  the  ei  gines  can  be  operated  for  a  short 
period  of  time  on  boron  fuel,  and  during  this  time  practically  all 
of  the  thermodynamic  promise  of  the  fuel  is  realized  as  improved 
specific  fuel  consumption.  After  only  a  few  minutes,  however,  the 
performance  of  the  engines  noticeably  deteriorates.  Thrust  begins 
to  drop,  and  either  the  tailpipe  of  the  engine  must  be  opened,  or 
the  engine  must  be  overtemperatured  if  rotational  speed  is  to  be 
maintained.  This  phenomenon  has  been  encountered  at  simulated  alti¬ 
tude  both  in  engines  with  single-stage  turbines  and  in  an  engine  with 
a  two-stage  turbine.  The  thrupt  loss  for  each  engine  is  shown  in 
figures  5  and  6.  In  each  case  part  of  the  loss  is  due  to  the  thermo¬ 
dynamic  properties  of  the  exhaust  gas.  Continuing  and  increasing 
loss  is  noted  throughout  the  man  as  turbine  efficiency  decreases. 

This  efficiency  loss  is  associated  with  ".he  traveling  waves  of  the 
viscous  boron  oxide  that  the  author*’  •lluded  to,  and  with  it"  general 
fouling  of  the  stator  and  turbine.  Some  fuiU-vr  i>fis  is  indicated  **c 
a  tailpipe  pressure  loss;  it  results  from  too  large  a  turbine- outlet, 
Mach  number  and  is  a  consequence  of  poor  turbine  efficiency. 

The  effect  of  these  losses  on  specific  fuel  consumption  is  shown 
in  figure  7.  The  engine  was  run  oa  gs  ciinc  or  Jet  fuel,  and  then 
the  fuel  was  switched  to  pentaborane.  The  Initial  Aeercc.su  in  spe¬ 
cific  fuel  consumption  is  almost  that.  *.<  ee  expected  on  the  basis  of 
heats  of  combustion.  Reasons  for  the  increase  in  fuel  consumption 
with  time  were  Just  discussed.  With  the  nature  of  the  problem  known 
there  are  same  things  that  ran  be  done  to  alleviate  it;  the  extent  to 
which  the  problem  can  be  alleviated  cannot  be  predicted  with  cer¬ 
tainty.  It  will  require  further  experimental  research  when  additional 
fuel  for  this  work  becomes  air  liable. 

IXiring  the  course  of  the  program  a  single  run  in  a  full-scale 
afterburner  was  made  with  pentaborane  fuel.  There  is  no  indication 
that  this  presents  a  severt  combustion  or  deposit  problem.  Detailed 
engineering  attention  required  will  include  keeping  the  fuel  cool  as 
it  comes  into  the  injector  system  in  this  hot  end  of  the  engine,  and 
attending  to  design  details  around  the  variable  area  nozzles  so  that 
boron  deposits  do  not  freeze  up  the  mechanism. 

As  in  the  case  of  the  afterburner,  experiments  with  ramjet  com¬ 
bustion  systems  indicate  that  boron  fuels  will  be  relatively  easy  to 
ipply  to  this  kind  of  system.  After  a  number  of  experiments  in  ducts 
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to  devise  a  9~inch  diameter  combustion  system,  several  ramjet  powered 

flights  were  made  with  boron  fuels.  In  three  of  the  flights,  the 
engine  was  started  and  then  dropped  frcet  a  carrier  airplane.  3he 
fourth  flight  was  rocket  boosted.  Mach  numbers  obtained  on  these 

flights  ranged  up  to  (fig.  8).  Altitudes  were  of  the  order  of 

50,000  to  40,000  feet.  Eight  channels  of  telemetering  reported  back 
the  performance  of  the  engine,  and  perfectly  satisfactory  combustion 
apparently  was  obtained.'  Also,  a  few  short  runs  of  pentaborane  have 
been  made  in  a  48-inch  diameter  ramjet  engine  for  one  of  the  country’s 
guided  missiles;  this  was  purely  an  experimental  or  exploratory  study. 

The  problems  attendant  on  the  reactivity  of  boron  toela  with  air 
and  with  water,  on  their  toxicity,  on  the  disposal  of  the  oxide 

exhaust,  and  on  the  thermal  decomposition  of  the  fuel  have  been 
properly  mentioned  by  the  autho. «. 

In  summary,  the  boron  fuels  are  still  very  much  in  the  research 
stage.  The  degree  of  success  with  which  all  of  the  problems  associ¬ 
ated  with  their  use  can  be  met  is  not  known.  Although  there  is  a 
large  degree  of  optimism  over  a  number  of  these  problems,  consider¬ 
able  additional  experimental  research  is  required.  The  military 
services  are  continuing  with  proper  vigor  to  have  pilot  plant  and 
experimental  quantities  of  fuels  prepared  so  that  this  research  can 
go  forward. 

As  a  final  c ament  I  should  like  to  out  that,  while  the 

use  of  free  radicals  as  fuels,  and  even  ions  as  fuels,  is  very 
appealing  when  one  looks  at  tables  of  their  energy  content,  the  real 
point  here  is  that  we  do  not  know  scientifically  whether  such  ma¬ 
terials  can  be  made  to  exist  in  concentrations  of  interest  and  with 
a  minimum  or  kind  of  equipment  th»t  d  en  not,  through  its  weight  or 
complexity,  throw  away  the  thermodynaiiic  advtu.U’ge  mjm  in  these 
fuels.  Here  the  engineer  would  do  well  r~  uaJt  until  the  scientist 
has  produced  those  breakthrough  ideas  which  will  indicate  what  should 
be  done.  I  am  not  at  all  to  be  construed  as  being  against  research 
on  these  blue  sky  ideas.  But  I  do  recognize  a  tendency  to  gallop 
ahead  prematurely  into  engineering  developments  on  ideas  where  re¬ 
search  has  not  indicated  the  solution  to  certain  harrier  problems, 
or  even  if  solutions  are  posM  ble .  The  authors  have  done  well  to 
stimulate  our  imagination,  nowever. 
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Discussion  Prepared  by 
E.  7.  Dunholter 
Convair -Astronautics 

A  Division  of  General  Dynamics  Corporation 
San  Die to,  California 

on  E.  E.  Koelle,  J.  0.  Tschinkel  Paper 
COMPARISON  OF  Lax/KEHOSHW,  DPT/HHWE HIE,  AMD 
TUIORCME/HYDRAZIMB  AS  PRCPEIUUrrO  TOT,  loro-rmiob  pockets 


Nr.  Koelle  and  Dr.  Tschinkel  have  presented  a  very  good 
Method  of  comparing  propellant  performance.  The  use  of  "capacity  fac¬ 
tor"  for  weight,  and  vertical  ascent  for  range  results  in  a  simplified 
hut  effective  comparison  method.  The  more  rigorous  range  calculation 
appears  to  be  based  upon  a  constant  thrust  for  the  different  propellants 
rather  than  a  constant  initial  thrust  to  weight  ratio,  and  therefore  is 
difficult  to  compare  with  the  ascent  range  data. 

The  authors'  apparent  enthusiasm  for  Elnori-ft^ydrazir.-  is 
more  controversial.  The  performance  potential  of  the  propellant  is  very 
great  because  of  Its  high  bulk  density  and  high  specific  impulse,  but 
it  is  not  obvious  that  this  performance  can  be  realised  in  practice. 

The  propellant  has  a  very  big*  gas  temperature  (7000*7)  at  optimum  mix¬ 
ture  ratio  and  hydrazine  as  a  coolant  is  Urn* tad  by  its  disaesoclatlon 
clwuraeteristics.  Hydra* ine  also  has  a  high  frees.:  ng  p-iui.  (35*7). 
Mditivee  used  to  lower  its  freezing  point  and.  '**  incre-ae  its  stabil¬ 
ity  as  a  coolant  aay  have  an  appreciable  effect  on  its  performance 
potential.  These  questions  can  only  be  answered  by  research  and  it  is 
hoped  that  the  experimental  data  will  be  available  soon. 

The  present  study  has  been  limited  to  single  stage  vehicles. 

If  the  study  were  extended  to  upper  stage  vehicles,  other  propellants 
would  show  to  advantage  particularly  those  with  good  cooling  character¬ 
istics  which  permit  the  use  of  large  area  ratio  nozzles. 

There  are,  of  course,  numerous  other  factors  to  be  considered 
in  the  coin  ctlon  of  a  propellant  for  a  weapon  system  other  than  that  of 
the  effect  on  the  gross  weight  end  size  of  the  rocket.  7or  example, 
both  the  development  time  and  cost  of  the  wsapon  system  can  be  appre¬ 
ciably  affected  by  the  choice  of  propellant.  Such  primary  factors  can 
not,  however,  be  generalized  tut  can  only  be  considered  in  the  light  of 
the  state  of  the  art  and  available  facilities  at  a  given  time  period. 
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qEXERAI  BT9CP3SIOff 

DR.  T9CBU0QSL:  I  am  glad  to  still  have  this  chance  to  fir* 
hack.  First  of  all,  I  vill  gladly  accept  the  charge  to  be  enthusiastic 
for  this  fluorhydrazine  propellant.  I  believe  ve  would  not  have  any 
propellant  if  some  people  had  not  been  enthusiastic  for  it. 

then,  to  the  various  points  I  would  say  this  —  it  nay  be 
bo re  adequate  in  general  tents  to  compare  missiles  at  constant  accelera¬ 
tion  Instead  of  constant  thrust,  but  practically,  vhat  you  are  faced 
with  mostly  is  that  you  have  a  rocket  engine  on  the  market  of  a  given 
thrust  and  you  look  out  for  what  you  can  do  with  this  engine.  This  is 
the  very  thing  we  did  here. 

Secondly,  as  to  the  use  of  hydrazine  ae  a  coolant,  you  have 
heard  this  morning  supporting  evidence  from  Jet  Propulsion  laboratory 
that  hydrazine  le  one  of  the  best  ooolaats  that  you  can  have.  JUst  to 
give  one  figure  that  I  remember  from  vhat  Mr.  Barts  told  us,  you  saw 
on  his  table  most  common  propellants  bad  burned-out  fluxes  around 
10  Btu/in.2  sec  whereas  Jet  Propulsion  Laboratory  could  reach  20  with 
hydrazine  in  same  simulation  teste.  And  there  is  no  appreciable  break¬ 
down  of  the  hydrazine  expected  during  the  short  exposure  it  goes 
through  when  passing  through  the  cooling  Jacket. 

There  have  been  mall  scale  regenerative  cooling  tests  years 
ago,  and  programs  are  under  way  to  demonstrate  now  this  cooling  cap¬ 
ability  in  more  act-  MLk  WW4.  be 3+", 

Ae  to  the  freezing  point  of  hydrazine  a-ound.  0*C,  we  do  not 
worry  about  this  at  all.  We  are  concerned  with  lon^-range  rockets 
where  you  handle  bulks  of  tons  of  the  propellants,  end  any  calculation 
of  heat  transfer  can  show  you  that  it  takes  days  to  freeze  a  container 
with  some  insulation  around  ~t  cf  ruc*  Inrgc  quantities .  Besides,  any 
opr  ration  of  this  size  alvayi  baa  heating  on  hand,  with  some 

warm  air  blowers  or  other  to  k*op  the  liquid  from  freezing. 

Regarding  the  other  non-technieal  viewpoints  that  my  critic 
mentioned  for  the  selection  of  a  rocket  propellant,  of  course,  those 
are  acknowledged  and  are  present,  and  it  is  certainly  always  a  matter 
of  compromise  with  the  application  in  mind.  As  ve  see  it,  the  merits 
of  this  system  voui  i  be  mainly  in  vary  long-range  rockets  and  in  second- 
stage  rockets  because  light  weight  is  of  great  importance  thire,  since 
it  greatly  reduces  the  out  of  the  booster. 

As  to  The  use  of  the  capacity  factor,  I  wanted  to  give  credit 
to  Jet  Propulsion  Laboratory  as  they  also  use  this  and  I  am  not  sure 
where  the  priority  is.  It  goes  back  over  several  years. 

IB.  gHBWART;  I  would  like  to  congratulate  Dr.  Teehinkel 
for  not  giving  up  the  fight.  Be  has,  us  Dr.  Dunholter  mentioned,  a 
good  comparison  method.  However,  let's  taks  some  of  the  points  that 
were  brought  up  by  Dr.  Teehinkel  and  evaluate  them. 
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First,  Dr.  Tschlnkel  nuntioned  that  the  comparison  on  thrust 
.level  appeared  to  be  valid  because  've  hare  an  engine  and  ye  Just  go 
out  and  use  this.”  Unf 01 tunately,  the  engine  has  to  be  built.  It  was 
built.  Initially,  because  of  a  preliminary  design  study  vblch  Investi¬ 
gated  engine  thrust  requirements  (for  various  propellants)  for  a 
specific  application.  These  engines  and  missiles  are  tailored  to 
system  requirements.  The  days  when  you  design  a  structure,  shove  an 
engine  Into  it,  and  then  vait  to  see  vtoat  you  get  are  pretty  much  over. 

Let's  take  the  regenerative  cooling  characteristics  of  hydra¬ 
zine.  It  admittedly  has  an  sxcellent  potential,  as  Mr.  Bartz  points  out. 
It  compares  favorably  with  water.  However,  when  you  look  over  this 
cooling  potential,  you  discover  the  cooling  characteristics  of  hydrazine 
ere  such  that  your  wall  temperature  will  have  to  be  maintained  around 
500*  to  600 *F.  You  have  combined  this  fuel  with  an  oxidizer  which 
yields  temperatures  of  the  order  of  7000"  to  6000*7,  depending  upon  the 
mixture  ratio  you  have  selected.  This  gives  a  very  healthy  heat  trans¬ 
fer  problem.  This  can  be  overcome  in  an  engine  vhlch  is  large  enough 
that  the  regenerative  cooling  capacity  or  the  coolants  are  capable  of 
soaking  up  this  heat.  For  some  applications,  however,  this  means  that 
you  are  going  to  have  to  chase  these  coolants  through  the  cooling  colls 
at  such  high  velocities  that  the  pressure  drops  are  terrific.  This, 
for  example,  Imposes  a  design  and  weight  problem  upon  the  turbopump. 

To  look  at  another  aspect  of  hydras* ns,  the  freezing  character¬ 
istics;  if  you  have  to  provide  a  nursery  for  each  of  the  missiles  you 
design,  it  la  going  to  increase  the  weapon  syeter..  so-l.  You  can  rut 
additives  In  the  hydrazine  in  order  to  reduce  the  freezing  point  — 
two  of  the  best  I  can  think  of  will  bring  the  freezing  point  down  to 
about  -50*  to  -6o*C.  One  of  these  is  xaconio.  The  other  Is  hydrogen 
cyanide.  With  hydrogen  cyanide  you  aggravate  tho  toxicity  problem; 
also,  the  specific  Impulse  Is  degraded.  In>  '.dentally,  fluorine -aamonla, 
compared  with  fluorine  hydrazine  at  the  saw:  presort,  would  yield  L*9£ 
seconds  specific  impui se,  whereas  hydrazine  v>  1A  r’ee  about  300  seconds 
under  the  same  conditions.  If  it  la  necessary  to  add,  for  Instance, 
ammonia  to  the  hydrazine.  In  order  to  control  the  freezing  point,  you 
have  now  degraded  the  specific  lmculse  to  the  point  where  you  should 
have  started  with  aononia  Initially.  I  sm  not.  proposing  esssonis.  as  a 
panacea.  Ammonia  is  not  tbs  world's  greatest  coolant,  but  you  can  cool 
with  it,  and  you  do  avoid  the  freer'ng  problem  of  hydrazine,  while 
sacrificing  only  about  1.3^  speclllc  impulse. 

MR.  BARTZ:  It  Is  extremely  difficult  for  me  to  follow 
Mr.  Stewart's  reasoning  relative  to  the  selection  of  amaonia  rather 
than  hydrazine  as  a  high-energy-system  fuel.  He  starts  by  conceding 
that  our  experimental  evidence  shows  hydrazine  to  be  a  very  good  coolent 
but  quickly  arrives  at  the  point  where  he  fears  that  extreme  coolant 
velocities  will  be  needed  beesuse  of  expected  extreme  beat  fluxes. 

This  conclusion  e-mot  be  reached,  however,  without  specifying  the 
operating  chamber  pressure.  For  chamber  pressures  near  300  pel,  our 
data  Indicate  that  normal  velocities  should  be  adequate,  whereas  only 
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for  considerably  higher  chamber  pressure  operation  will  excessive 
cooling  velocities  be  needed. 

Mr.  Stewart  complains  of  the  need  for  an  expensive  "nursery" 
for  eech  missile  because  of  tbs  high  freezing  point  of  hydrazine  and 
suggests  asnonla  as  an  alternative  fuel.  It  see**s  to  ns  that  It  Is 
Inconsistent  to  be  overly  concerned  with  the  possible  necessity  of  keep¬ 
ing  the  fuel  no  aore  than  100*7  above  ambient  uhile  utilizing  liquefied 
gas  oxidizers  Mving  boiling  points  several  hundred  degrees  below 
aaibient  temperature  which  necessitate  extensive  Insulation  or  even  re¬ 
frigeration  In  order  to  Maintain  bo Hoff  rates  acceptably  low.  If  he 
has  apprehensions  shout  the  cooling  capabilities  of  hydrazine,  he 
should  multiply  these  apprehensions  by  about  a  factor  of  three  for 
amaonla,  since.  In  addition  to  much  lower  values  of  Uii .  for  ammonia 
under  similar  flow  conditions,  the  permissible  bulk  temperature  rise 
for  ammonia  is  also  much  lower,  thus  restricting  the  surface  area  that 
can  be  cooled.  Furthermore,  It  Is  difficult  to  see  where  freezing 
point  is  going  to  be  an  important  factor  In  the  applications  for  which 
the  high-energy  systems  might  be  used. 

Our  experimental  measurements  have  shows  that  even  up  to  wall 
temperatures  approaching  1000*7  the  hydrazine  does  not  decompose  In  our 
tubes  In  which  coolant  velocities  are  varied  between  about  30  and  90 
ft/sec.  Even  a  very  slight  amount  of  decomposition  would  show  up  In 
our  teats  as  a  sizable  error  In  the  beat  balance  because  of  the  large 
heat  of  decomposition  of  hydrazine.  To  curb  heat  bn lance  error-  have 
been  observed. 


m.  BRIAN:  I  would  like  to  compliment  Dr.  Tsehinkel  on  his 
paper.  There  are  several  things  I  would  like  to  bring  up  concerning  it. 
He  did  not  mention  nitro^-r  irifluorlde  and  should  have.  Bile  material 
does  have  properties  so  far  superior  U>  fluorine  in  Mailing  that  the 
snail  sacrifice  in  the  specific  Impulse  could  be  tolerated,  iv/u  might 
be  able  to  cool  with  nitrogen  trifluoride. 

Another  thing  concerning  the  comment  of  Mr.  Stewart  that  the 
freezing  point  of  hydrazine  would  have  to  be  lowered,  there  ere  very 
light-weight  insulators  these  days,  I  wonder  If  ve  are  not  giving 
overemphasis  to  the  freezing  point  as  a  requirement.  This  weapon  could 
be  loaded  very  rapidly  before  use  and  fired  with  little  delay.  Nor¬ 
mally,  they  are  not  stored  loaded.  I  doubt  if  you  would  require  a 
freezing  point  lovrr  than  that  of  hydrazine. 

DR.  T3CH3JC0KT-:  Just  another  quick  point  about  the  freezing 
point,  we  do  not  consider  putting  In  any  additives  because  they  all 
would  subtract  from  performance.  We  really  do  not  consider  this  a 
serious  problem  and  I  would  not  consider  heating  equipment  In  the  field 
as  a  "nursery."  Besides,  you  have  soldiers  all  around  who  do  not  want 
to  freeze  In  the  Arctic  weather  sri  you  have  h-atlng  equipment  arevnd. 
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As  to  the  nitrogen  trifluoride,  I  cannot  say  anything  about 
that.  We  have  not  considered  it.  One  of  the  points  we  — de  eaa  that 
the  propellant  oust  be  currently  In  production,  nitrogen  trif luorifle 
is  cot  aa  yet. 

PAPER 

STOWES  WITH  TWO-STAg  ROCKET 
by  Anthony  Brlglio,  Jr. 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology 
(See  pages  358  to  377,  Voluee  1,  PPL  212/13) 

PREPARED  DI3CU38I0W 

by  Edward  B.  Greenberg 

Reaction  Motors,  Inc. 

(See  following  page*.  lUO  to  1U3) 
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Discussion  Prepared  by 
Edward  B.  Greenberg 
Reaction  Motors,  Inc. 
Denville,  New  Jersey 

on  Anthony  Briglio,  Jr.  Paper 
STUDIES  WITH  TWO-STAGE  ROCKET  ENGINES 


The  investigation  of  two-stage  rocket  engines  carried  cut 
at  JPL  has  produced  soae  valuable  and  highly  promising  results.  The 
conclusion  that  both  smooth  combustion  and  high  performance  can  be  ob¬ 
tained  with  several  propellant  combinations  in  a  rockat  engine  utilis¬ 
ing  the  jet  adzing  scheme  of  injection  is  in  agreement  with  the  re¬ 
sults  of  a  similar  investigation  carrlsl  out  at  RMI  (Ref.  1).  This 
study  also  established  the  design  parareters  affecting  the  jet  mixing 
processes  and  the  effect  of  these  nanometers  on  thrust  chamber  per¬ 
formance.  The  following  comments  are  mac'*  i  -  the  light  of  'mewl edge 
gained  from  this  imree ligation. 

Cu*  of  the  features  of  a  jet  mixing  injection  system  is  the 
possibility  of  simplified  injector  design  compared  to  more  conventional 
injectors.  Tha  preparation  of  prop. Hants  prior  to  combustion  (mixing, 
atomisation,  eto.)  is  usually  dependant  is  ?  .  are  at  lorm  1  Jnje<*t«tr 

(e.g.  Impinging  stream  or  spray  type)  the  impingement  of  liquid 
propellant  streams.  Tha  design  end  manufacture  of  injectors  is  often 
complex  end  costly.  Also,  a  new  Injector  must  be  designed  for  each 
new  rocket  configuration  or  propellant  combination.  In  contrast  to 
the  conventional  injector,  the  processes  of  atomisation,  vaporization, 
mixing  and  heating  in  the  Jet  mixing  injector  are  accomplished  by  the 
mixing  of  the  liquid  pro pe-1 1  ants  (second  stage)  by  the  hot  gas  Jst 
(first  stage).  Liquid  propsllant  injection  can  therefore  be  greatly 
simplified. 

It  seems  that  the  design*  of  the  JPL  two-stage  engines  hare 
not  taken  full  advantage  of  the  technique  of  Jet  mixing  injection.  Ely 
employing  triplet  sets  of  orifices  to  Inject  both  the  first  and  second 
state  propellents  some  of  the  e^r0 «7dty  of  a  conventional  injector 
has  been  retained.  High  performance  has  been  obtained  with  RMI  two- 
stage  engines  utilising  a  considerably  simpler  injection  scheme.  The 
second  stage  injector  consists  of  a  cylindrical  section  through  which 
the  high  velocity  hot  ga3  jst  (first-stage  combustion  products)  is 
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passed.  This  section  cone late  of  two  apoole,  cm  for  fuol  injaction 
and  on®  for  oxldiaer  injaction.  The  second-etage  propellant a  ara  in¬ 
jected  radially  inward  into  the  gee  stream  through  equally  apacad 
U)lee  located  on  tha  circumference  of  the  a  pool®.  The  plane  of  in¬ 
jection  of  the  fuel  waa  upstream  of  the  oxldiaer  injection*  High 
performance  (95  to  lOOf  of  tbeor.  C»)  haa  boon  achieved  even  when  few 
large  disaster  injection  orlficee  (2  fuol  and  4  oxldiaer  holes  with 
dia.  a  0.316  in.)  ware  used  at  a  5000  lb.  thrust  level. 

The  Investigation  carried  out  at  RMI  has  recognised  that 
the  performance  of  a  two-stage  rocket  engine  is  a  highly  complex 
function  of  a  multitude  of  variables.  Since  the  design  parameters 
affecting  thrust  chamber  performance  era  interdependent,  the  reault 
of  varying  any  one  cannot  be  a imply  determined.  In  order  to  deter¬ 
mine  the  effect  of  any  one  parameter  cognisance  most  be  taken  of  this 
multiple  variation  end  interrelation  of  parameters.  This  was  accom¬ 
plished  by  utilising  the  methods  of  dimensional  analysis  and  multiple 
regression  analysis  (Ref.  2)  to  formulate  end  evaluate  an  empirical 
equation  which  descrlbaa  thrust  chamber  performance  in  terms  of  seven 
dimensionless  parameters . 

The  parameters  which  were  varied  in  the  JPL  investigation 
ara  the  fraction  of  propellant  burned  in  the  first  stage,  gas  velocity 
in  tha  mixing  Jet,  the  engine  L*  and  the  orifice  pressure  drop.  Since, 
as  mentioned  above,  these  parameter?  be  individually  varied 

their  effect  on  thrust  chamber  performance  cannot  !>.  n'tcrcincd  as 
readily  as  has  been  attempted  during  the  JPL  study. 

The  low  performance  of  one  1000  lb.  thrust  engine  has  been 
attributed  to  the  fact  that  the  gas  stream  velocity  wee  reduced  from 
600  ft/aec  to  about  200  ft/sec  or  less.  T.  t  *~tu*l  -sues  may  not  he 
this  simple,  since  several  configurational  and  opera  ionnl  changes 
were  made  in  order  to  affect  a  decrease  in  c  jet  velocity.  Mrst, 
as  a  result  of  eliminating  the  inter-stage  nosxle  the  condition  of 
sudden  enlargement  between  nozzle  throat  and  main- chamber  diameter 
was  eliminated.  This  probably  reduced  radically  tha  intensity  of  re¬ 
circulation  within  tha  main  chamber  -  a  factor  which  could  be  more 
significant  than  a  change  in  nominal  axial  veloolty.  In  addition, 
the  percentage  of  propellant  injected  into  the  first  stags  waa  In¬ 
creased  to  several  higher  values.  Therefore,  since  there  haa  been  a 
multiple  variation  of  parameter*  affecting  performance,  a  decrease  in 
performance  cannot  clearly  be  attributed  to  only  one  of  these  changes 
(decreaaa  in  gas  stream  velocity). 

It  la  reported  that  a  reduction  in  main  chamber  L*  from  44 
in.  to  24  in.  resulted  in  a  negligible  loss  in  tha  performance  of  a 
1000  lb.  thrust  engine  operating  on  SFNA-DETA.  Although  it  might 
hove  been  expected  that  a  decrease  in  L*  would  causa  a  loss  in  per¬ 
formance  it  should  be  noted  that  tha  reduction  in  L*  was  achieved  by 
two  configurational  changes.  Tha  chamber  to  throat  area  ratio  waa  de¬ 
creased  from  4*1  to  2»1  and  tha  chamber  aspect  ratio  (Lgi^/b^)  waa 
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doubled.  Such  of  these  changes  could  cause  an  Increase  In  performance 
(Ref.  1,  ?)  thus  nullifying  the  effect,  on  performance  of  decreasing  L* 
as  such. 


The  result  of  attempting  to  scale  up  from  1000  lb.  thrust  to 
20,000  lb.  thrust  was  lower  performance  at  the  higher  thrust  level.  1 
similar  investigation  was  carried  out  at  RMZ  (Ref.  1)  whereby  a  35,000 
lb.  thrust  engine  was  modelled  after  a  5000  lb.  thrust  engine.  Using 
an  empirical  equation  established  for  the  saall  seals  (5000  lb.  thrust) 
engine,  the  performance  level  of  the  large  scale  powerplant  was  pre¬ 
dicted.  Here,  too,  the  performance  of  the  large  scale  unit  was  lower 
then  expected,  further  analysis  disclosed  that  the  bomologue  was  ac¬ 
tually  distorted  tram  the  model  in  that  scom  of  the  design  parameters 
had  been  varied.  Had  proper  distortion  factors  been  taken  into  con¬ 
sideration  tbs  low  performance  of  the  large  scale  unit  could  have  been 
predicted.  Perhaps  the  low  performance  of  the  JPL  20,000  lb.  thrust 
engine  was  also  oaused  by  distortion  from  the  model.  Although  it  la 
difficult  to  perceive  the  basis  for  scaling  because  of  the  limited 
description  of  the  configurations  and  operating  conditions,  it  appears 
that  even  though  the  general  layout  of  the  model  and  homologue  is  iden¬ 
tical  several  distortions  between  the  two  do  exist.  In  addition  to  the 
differences  already  noted,  the  following  changes  were  made  in  scaling 
up. 


1.  The  aspect  ratio  of  the  naln  chamber  was  almost  halved. 

2.  The  mass  velocity  in  the  mt.v»  (racerd-eta-e )  chwnber 
was  doubled. 

3.  Although  the  propellant  flow  rate  was  increased  toy  a 
factor  of  twenty,  the  flow  rate  per  triplet  was  in¬ 
creased  toy  a  factor  <■»'  *+n  sine*  th#  number  of  triplets 
was  doubled. 

It  appears,  then,  that  the  low  performance  of  the  large  scale 
engine  may  not  have  been  caused  by  any  inherent  characteristics  of  the 
powerplant,  but  rather  was  a  result  of  sealing  distortions. 

Our  consents  should  be  taken  basically  as  efforts  to  supple¬ 
ment  the  Insights  obtained  the  authors  into  tbs  subjects  of  injec¬ 
tion  and  scaling  -  two  subjects  in  which  vs  all  know  much  sore  insight 
is  needed. 
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COMMANDER  TRUAX:  I  vould  like  to  express  our  thanks  to  all 
the  participants  —  particularly  to  the  authors  and  reviewers .  I 
vould  also  like  to  say  that  a  program  such  es  this  does  not  fall  to¬ 
gether  by  itself.  It  takes  a  lot  of  hard  work  to  do  it,  and  I  vould 
like  to  extend  the  thanks  of  the  participants  to  Don  Brooks  and  to 
Ruth  Adams  for  the  great  deal  of  work  that  they  have  done  In  getting 
this  session  organized. 

MR.  BROCKS;  Thank  you.  I  vculd  like  to  express  the  deep 
appreciation  of  the  staff  to  all  of  you  for  your  excellent  cooperation. 
We've  enjoyed  having  you. 
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The  following  papers  were  presented  at  the  symposium  but 
were  not  received  In  time  to  be  Included  with  the  preprints  (Volume  1, 
FPL  212/13): 


AN  EVALUATION  OF  LIQUID  OZONE -OXTOEN  MULTURES  AS 
ROCKET  OXIDIZERS  1  h6 

by  J.  P.  Layton,  I.  Classman,  and  D.  Oarrln 
Princeton  University 

HIGH  TEMPERATURE  RESEARCH  AT  TEMPLE  188 

by  A.  V.  Oroase,  C.  S.  Stokes,  and  V.  L.  Doyle 
The  Research  Institute  of  Temple  University 

COMPARISON  or  lux/kerosene,  lox/htcrazine,  AND 
FLUORINE /HTBtAZIRE  AS  PROPELLANTS  FOR  LCNG-RANG® 

ROCKETS  193 

by  H.  H.  Koelle  and  J.  G. 

Army  Ballistic  Missile  Agency 
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AN  EVALUATION  OF  LIQUID  OZONE -OXYGEN  MIXTURES 
AS  ROCKET  OXIDIZERS 


J.  P.  Layton,  |.  Glassman  and  D.  Garvin 
Princeton  University 
Princeton,  New  Jersey 


For  almost  three  years  the  authors  and  others  In  the 
Department  of  Aeronautical  Engineering  at  the  James  Forrestal 
Research  Center,  Princeton  University  nave  been  engaged  In  an 
evaluation  of  liquid  ozone-oxygen  mixtures  as  rocket  oxidizers  from 
theoretical  and  experimental  standpoints  including  thermochemical 
calculations  of  performance,  handling  of  the  mixtures  in  a  pilot 
plant  scale  generation  system  and  a  pressurized  rocket  system  and 
preliminary  determination  of  actual  performance  in  a  small  rocket 
motor.  The  experimental  effort  has  been  limited  to  the  mixtures 
containing  up  to  25^  ozone  by  weicjr.T. 

In  response  to  a  request  by  the  Rocket  Propellants 
Section,  Wright  Air  Development  Center  of  the  United  States  Air 
Force  the  University  submitted  a  proposal  which  resulted  in 
Confidential  Cost  Contract  No.  AF  \5(6I6)-24I I  and  work  was  begun 
on  I  April  1954.  A  reasonably  detailed  Ms',  jry  of  the  work  since 
that  tinv  can  be  found  in  the  Quarterly  Progress  Reports  of  ti.e 
above  contract  (I).  Opinions  ana  f^cts  obtained  over  the  period  of 
this  work  are  presented  in  the  following  paragraphs. 


DISCUSSION 

Our  efforts  hav©  been  organized  and  reported  under  a  work 
statement  that  incorporates  the  headings  which  are  used  below  in 
presenting  the  discussion: 

Bibl iography 

The  major  bibliographic  effort  on  ozone  has  been  produced 
by  the  Armour  Research  Foundation  (hereafter  ARF)  (2)  while  our 
effort  has  been  limited  to  those  references  that  concern  the  use  of 
liquid  ozone-oxygen  mixtures  as  rocket *ox id izers.  The  results  of 
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this  effort  were  published  in  unclassified  and  classified  sections  of 
a  preliminary  selective  bibliography  as  Appendices  of  ihe  Fourth 
Quarterly  Progress  Report  (I). 

Properties  of  ozone  as  recorded  in  the  available 
references  are  summarized  on  Taole  I  along  with  corresponding  oxygen 
properties.  Primary  sources  of  this  information  which  contain  much 
more  detailed  Information  are  reports  by  ARF  (3)  and  the  Linde  Air 
Products  Company  (4).  The  important  property  of  ozone  stabilization 
Is  treated  in  a  United  States  Patent  Issued  to  C.  E.  Thorpe,  et  a  I  (5) 
based  on  their  work  over  a  considerable  period  at  ARF. 

Theoretical  Thermochemical  Performance  Calculations 

Since  data  on  the  theroretical  performance  of  ozone  were 
sparse  and  conflicting,  and  a|mos+  totally  absent  for  liquid  ozone- 
oxygen  mixtures,  a  considerable  program  of  thermochemical  calculations 
was  undertaken  on  an  IBM-CPC  digital  computer  using  a  modification  of 
the  method  developed  by  Huff  and  others  at"  the  NACA  Lewis  Flight 
Propulsion  Laboratory.  Calculations  for  the  performance  of  these 
mixtures  from  lOOf  liquid  ozone  In  25f  decrements  to  100^  liquid 
oxygen  were  made  tor  a  number  of  fuels  at  20,  40,  and  60  atmospheres 
chamber  pressure  for  frozen  equilibrium  and  sea  level  exhaust. 

Graphs  for  ethyl  alcohol  (95JP)  -Water  (5  %) ,  unsymmetr  lea  I  dimethyl 
hydrazine  and  liquid  hydrogen  are  included  herein  as  Figures  l 
through  27.  They  show  plots  of  effective  exhaust  velocity,  adiabatic 
combustion  temperature,  average  specific  heat  ra+lo,  nvercqu  tnoleculer 
weight  and  mole  fraction  of  the  combustion  products  versus  mixture 
ratio.  Further  calculations  of  liquid  hydrogen  for  shifting 
equilibrium  have  been  started  and  several  hydrocarbon  fuels  will 
probably  be  calculated  later. 

Hand  I ing  Tests 

A  laboratory  was  construe  fed  at  Forrestal  Research  Center 
specifically  for  the  purpose  of  testing  quantities  of  liquid  ozone- 
oxygen  mixtures  up  to  a  few  pounds.  It  was  equipped  with  protective 
walls,  provisions  for  remote  viewing,  and  exhaust  blowers  to  perm:t 
the  conduct  of  four  kinds  of  tests  that  were  pertinent  to  the  handling 
characteristics  of  the  mixtures.  The  handling  experiments  were 
characterized  as  quality,  detonation,  pressure  and  venting  sensitivity, 
and  flow  tests. 

Raw  materials  used  In  generating  liquid  ozone-oxygen 
mixtures  consist  primarily  of  gaseous  and  liquid  oxygen.  Freon  13 
and  helium  also  come  In  contact  with  the  mixtures.  The  hydrocarbon 
content  of  these  substances  was  measured  In  terms  of  parts  per 
million  of  C0_  as  Indicated  on  a  L i ston-Becker  continuous,  single 
wave  length,  spectrophotometer  analyzer.  For  lack  of  a  tested 
figure  of  significance  a  limit  of  twenty  parts  per  million  of  C?2 
was  placed  on  the  hydrocarbon  content  of  the  gases. 
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TABLE  I 

Properties  of  Ozone  and  Oxygen 
Pertinent  to  their  Use  as  Rocket  Oxidizers 


Property 

Ozone 

Oxygen 

Molecular  Weight,  lb/ lb  mol 

48 

32 

Boiling  Point,  °F 

-169.4 

-297.3 

Melting  Point,  °F 

-314.9 

-361.1 

Critical  Temperature,  °F 

+  10.2 

-181 .8 

Critical  Prossure,  lb/ig2 

802.4 

730.4 

Critical  Density,  lb/ft^ 

30.0 

26.8 

Critical  Volume,  ft3/lb  mol  ^  T 

2.4 

1.2 

Gas  Density  (32  °F,  14.7  Ib/inO  Ib/ft"' 

0.13 

0.086 

Liquid  Density  (-169.6  °F)  Ib/ft3 

91.1 

(-297.3  °F) 

98.  1 

71.2 

(-319.6  °F) 

100.8 

Surface  Tension  (-297.3  °F)  lb/in2 

219x10" 

"6  75x1 0"1 

Liquid  Heat  Capacity  (-169.4  °F)  Btu/lb  mol  F 

17.0 

13.0 

Gaseous  Heat  Capacity  (77  °F)  Btu/lb  mol 

°F 

9.4 

Thermal  Conductivity  (-297  °F)  Btu/hr  ft 

°F 

0.07 

0.09 

Liquid  Viscosity  (-297  °F)  Ib/ft  sec 

23.0 

2.8 

(-320  °F) 

62.5 

(30*  03  -  70*  n2  by  wt.) 

4.6 

(  9*  05  -  91*  02  by  wi .) 

5.2 

Heat  of  Vaporization  (St  B.P.)  Btu/lb 

1  3b 

91.6 

Liquid  Magnetic  Susceptibility  ft  !b  sec 

units/ 1 b 

63x10" 

"3  109 

(x  10°) 

Dielectric  Constant  (ref:  vacuum  =  1.00) 

4.75 

1.46 

Heat  of  Formation,  H(25°C)  Btu/lb  mol 

-61,900 

0 

Phase  Boundaries,  Ozone-Oxygen  System 

at  -297. 36F  ?9.3  ar.u  72.4*  03  by  wt. 

at  -319. 6°F  9  and  90.8*  03  by  wt. 
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The  "quality"  of  the  gaseous  ozone  produced  was  measured 
by  a  method  developed  at  ARF.  After  a  considerable  number  of 
operational  difficulties,  the  equipment  which  was  purchased  from 
them  was  used  to  ascertain  that  the  quality  of  the  gaseous  ozone 
generated  at  Princeton  was  equivalent  to  that  used  at  ARF. 

Detonation  tests  were  conducted  to  show  the  character  of 
such  reactions  involving  ozone  and  to  test  our  safety  provisions. 

The  detonations  were  initiated  most  satisfactorily  by  fusing  a 
wire  immersed  in  a  concentrated  liquid  ozone  sample.  They  confirmed 
the  highly  brisant  character  of  such  ozone  reactions. 

Pressure  and  venting  sensitivity  tests  were  run  using 
specially  designed  stainless  steel  vessels.  The  liquid  ozone  (25%)- 
oxygen  (15%)  mixtures  were  demonstrated  to  be  insensitive  to 
pressur i zat Ion  with  helium  up  to  ICOO  lbs.  per  square  inch  and  to 
rapid  venting,  although  this  latter  conclusion  has  been  modified 
somewhat  as  described  later.  A  method  of  measuring  liquid  level  and 
concentration  in  the  closed  vessels  based  on  the  specific  gravity 
difference  between  ozone  and  oxygen  using  differential  pressure 
manometers  was  tested  In  this  operation  and  accepted  for  use  in 
the  pilot  plant  scale  generation  system  somewhat  prematurely  as 
indicated  by  subsequent  experience. 

Flow  tests  were  conducted  with  sufficient  success  to 
indicate  that  the  25%  ozone  mixtures  could  be  used  with  more  or 
less  conventional  rocket  design  c.^r.c.'f . :  3.  He-c  again  more  orrofu! 
and  thorough  testing  in  the  laboratory  would  p-chably  huvo  saved 
time  in  operating  the  larger  p'lot  plant  type  systems. 

Overall  Stability  Tests 

Reports  of  the  major  workers  ir  liqu!  i  ozone  Indicate, and 
our  experience  confirms  that  It  is  possible  to  cove  ion  toenniques 
for  the  safe  generation,  storage,  and  f  iwsfor  of  iiguid  ozone- 
oxygen  mixtures  in  the  laboratory.  The  primary  factors  in  this 
success  are  the  careful  purification  of  the  oxygen  raw  material, 
employment  of  compatible  materials  and  substances,  and  the  use  .of  a 
thorough  surface  preparation  procedure.  A  certain  amount  ot 
cryogenic  technique  Is  also  required.  Experienced  workers  are 
therefore  now  able  to  deal  whh  ozone  In  the  laboratory  without 
unexpected  detonations.  Purification  of  the  oxygen  is  still 
receiving  considerable  attention  from  research  workers  from  process, 
testing,  and  instrumentation  standpoints.  Table  II  gives  a  list  of 
the  compatible  substances  os  tested  and  approved  by  ARF.  Efforts 
are  being  made  to  increase  the  number  of  substances  on  this  list, 
especially  sealants.  The  surface  preparation  procedure  currently 
employed  at  Princeton  is  shown  in  Table  III.  Continued  development 
of  this  procedure  is  necessary  to  make  It  more  effective  and  to 
reduce  unnecessary  operations.  The  procedure  as  shown  was 
developed  particularly  for  cleaning  metal.  A  laboratory  procedure 
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TABLE  II 

List  of  Materials  and  Substances  Compatible 
with  High  Concentration  Liquid  and  Gaseous  Ozone 


Aluminum  Alloys  -  2S.  3S,  24S,  52S,  6IS 
Stainless  Steels  -  Types  302,  30A,  316,  410,  416 
Pyrex 
Kovar 

Teflon  (purified) 

Kel-F 

Lubricants  and  Sealants.  The  utmost  care  Is  to  be  observed 
In  using  clean  applicators,  replacing  caps,  etc., 
to  prevent  contamination  of  these  substances: 

(1)  duPont  FCD-441 

(2)  Halocarbur  stopcock  grease 

(3)  Flurolube  and  Halocarbon  Oils 

(4)  Gllbreth  #18  thread  sealing  compound 

(5)  Hoke  "S lie  Seal" 

Although  not  approved  by  ARF  powdered  purified  teflon 
dispersed  In  deionized  distilled  water  can  be  used  as 
a  pipe  thread  sealant  where  necessary  especially  for 
high  pressure  service,  but  the  Joint  must  be  carefully 
cleaned  and  passivated  by  the  regular  surface  preparation 
procedure. 

Handy  Andy  Brazing  Flux” 


Use  of  these  substance*  is  based  on  tests  and  recommendations  of 
the  Armour  Research  Foundation. 

When  Joining  met.  s  use  Inert  gas  shielded  arc  welding  where 
possible;  alternatively,  silver  brazing,  both  high  and  low 
temperature,  using  Handy-Andy  flux  is  acceptable  but  the  Joints 
must  be  cleaned  before  and  otter  by  the  approved  procedure. 
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TABLE  Ml 

Surface  Preparation  Procedure  for  Liquid  Ozone-Oxygen  Mixture  Service 

1.  Disassemble  all  parts  not  permanently  fastened  together. 

2.  Remove  any  major  accumulations  of  oil,  grease,  or  other 
contamination  by  using  a  plastic  scraper  and/or  wiping  with 
a  cloth  or  paper  towel. 

3.  Soak  in  25$  nitric  acid  tor  15  minutes.  Easily  attacked 
aluminum  alloy  parts  need  not  soak  for  full  time. 

4.  Rinse  thoroughly  with  tap  water,  then  scrub  with  a  stiff 
brush  until  all  visible  foreign  materia!  Is  removed. 

5.  Wash  by  submerging  In  warm  (90  -  I00°F)  5 %  solution  of 
Lakeoeal  detergent  In  distilled  water. 

6.  Rinse  thoroughly  with  distilled  water. 

7.  Dry  with  clean,  hot  (200°F)  oxygen  gas. 

8.  Soak  In  unused  reagent  grade  carbon  tetrachloride  for 
15  minutes 

NOTE:  Subsequent  steps  must  be  accomplished  without  touching 
ozone  exposed  surfaces  except  with  stainless  steel  tongs 
that  have  been  cleaned  by  this  procedure. 

9.  Drain  carefully  and  dry  thoroughly  with  clean,  hot  (200°F) 
oxygen  gas. 

10.  Reassemble  component  and  seal  ail  opening  with  aluminum  caps 

and  plugs  which  have  been  by  this  proredure  and  kept 

in  clean  air-tight  polyethylene  bags  tn-st  repealed  "t+or 
each  opening. 

11.  After  assembly  of  parts  into  system; 

(a)  Dry  system  by  circulating  clean,  hot  (200°F) 
oxygen  gas  for  30  minutes, 
then  (b)  Passivate  by: 

(1)  Circulating  low  concen  frch  to.i 
ozone-oxygen  mix+.j.v  from  Ihe  ozonahor 
at  2  to  4  percent  ozone  through  the 
system  for  8  to  10  hours, 

(2)  Seal  system  with  the  mixture  inside  for 
12-16  hours. 

(3)  Purge  with  clean,  hot  (200°F)  oxygen  gas 
for  V  minutes  and  then  seal  all  external 
open  I ngs . 

NOTE:  Steps  I  through  7  do  not  need  to  be  repeated  foi  i!.>ms 

removed  briefly  from  the  system  for  Inspection  or  adjust¬ 
ment  unless  the  possibility  of  contamination  with  oil, 
grease,  or  other  non-compatible  subsionres  exists 
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primarily  for  glassware  may  differ  especially  in  the  preliminary 
cleaning  substances.  Until  the  teflon  dispersion  described  In 
Table  II  was  found  for  use  as  a  high  pressure  sealant  severe  galling 
of  both  alluminum  and  stainless  steel  ♦hreaded  components  and 
fittings  resulted  from  use  of  the  surface  preparation  procedure. 

it  is  necessary  to  develop  much  more  satisfactory  tests  of 
overall  stability  of  ozone  and  its  mixture s.  Efforts  in  this 
direction  have  been  made  by  the  Air  Reduction  Company  (hereafter 
AIRCO)  in  which  they  subjected  liquid  ozone  mixtures  to  controlled 
spark  discharges.  Their  early  efforts  under  Princeton  subcontract 
are  described  in  Appendix  A  to  the  Seventh  Quarterly  Progress 
Report  (I).  Subsequent  work  has  been  carried  out  under  direct  Air 
Force  sponsorship.  The  development  of  instrumentation  techniques 
for  measuring  the  order  of  one  part  per  million  of  foreign 
substances  in  ozone-oxygen  mixtures  is  critically  needed.  Some 
extension  of  the  spectrophotomel - ic  technique  adapted  to  measure 
with  more  sensitivity  and  other  contamination  than  equivalent 
hydrocarbon  content  may  be  indicated. 

Reaction  Initiation  Tests 

One  of  the  attractive  possibilities  of  using  liquid  ozone- 
oxygen  mixtures  is  the  hypergol Ic  initiation  of  reaction  with 
certain  fuels.  Evaluation  of  this  possibility  may  be  necessary  if 
we  are  ever  to  initiate  combustion  directly  on  the  ozone  mixtures. 
Current  practice  at  Princeton  itvoiv-s  smarting  a  rocket  run  on 
liquid  oxygen  using  a  solid  propellant  igniter  ur  !  switching  to  the 
ozone  mixtures  during  the  run  and  back  again  to  the  liquid  oxygen 
prior  to  shut-down.  This  technique  has  been  quite  successful. 

Tests  of  various  other  methods  of  reaction  initiation  have  been 
deferred. 

Combustion  Involving  Ozone 

Chemical  kinetic  studies  of  qaseous  ozone  with  various 
fuels  and  reaction  intermediates  have  been  undertaken  by  one  of  the 
authors  (Garvin)  in  the  laloratories  of  the  Chemistry  Department- . 

This  work  was  previously  supported  by  the  Air  Force  on  Contract 
AF  33(038) -23976,  but  has  recently  acquired  Air  Force  Office  of 
Scientific  Research  sponsors;. i p.  Details  of  the  reaction  of  gaseous 
ozone  with  ethyl  alcohol  and  ethylene  oxide  have  been  studied  and 
work  on  the  ozone-hydrogen  reaction  is  currently  underway.  It  is 
hoped  trial  the  re^ulis  of  this  work  can  be  correlated  with  rocket 
motor  tests  especially  the  combustion  efficiency  and  stabll i+y 
I imits. 

Component  and  System  Evaluation 

It  was  decided  that  the  experimental  operations  involving 
approximately  20  pounds  of  the  ozone-oxygen  mixture  required  a 
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specially  designed  test  cell.  Figure  28  is  a  photograph  of  the 
Ozone  Evaluation  Facility  at  Princeton.  The  mixture  tank  is 
located  directiy  behind  the  open  rocket  cell  which  Is  seen  in  the 
photograph.  Slanted  walls  of  reinforced  concrete  having  minimum 
12"  thickness  were  used  in  the  design  of  this  building.  Direct 
viewing  of  neither  the  mixture  tank  nor  the  rocket  motor  is 
provided  from  the  control  room  on  the  far  side  of  the  facility 
because  of  safety  considerations.  Mirrors  are  currently  used  but 
not  with  complete  satisfaction. 

Revision  No.  2  of  the  I  iquid  ozone-oxygen  mixture 
generation  and  rocket  systems  is  shown  on  the  flow  diagram  of 
Figure  29  and  as  is  readily  seen  there  are  too  many  components  to 
point  them  out  individually  in  this  paper.  The  liquid  oxygen  supply 
and  vaporizer  are  located  on  the  left  side  of  the  diagram. 

Following  across  to  the  right,  the  ozonator  can  be  seen  in  the 
upper  part  of  the  next  section.  The  sampling  system  and  quality 
test  box  have  been  subsequently  removed  as  described  below.  The 
.'quid  oxygen  and  fuel  tankage  are  conventional  rocket  lest 
instal lations. 

It  is  the  liquid  ozone-oxygen  mixture  tank  and  its 
accompanying  complex  of  components  and  piping  that  is  the  heart  of 
the  generation  and  rocket  systems.  The  liquid  ozone-oxygen  mixture 
generation  system  was  designed  by  AIRCO  and  furnished  on  subcontract 
to  Princeton.  It  is  described  in  some  detaii  in  /-.pt-end1*  I;  of  tp.- 
Princeton  Fourth  Quarterly  Progress  Report  (I).  The  Mixiure  tank  ,> 
seen  to  be  a  triple  tank,  the  inner  one  contains  the  liquid  ozone- 
oxygen  mixtures,  the  surrounding  tank  is  the  refrigerant  jacket,  and 
the  outer  one  is  the  vacuum  jacket.  The  gaseous,  low  concentral ion, 
ozone-oxygen  mixtures  from  the  ozonator  (2  tc  4J  C,,)  are  passed 
through  a  heat  exchanger  and  bubbled  through  liquid  o ta!"od 
in  the  inner  tank.  The  ozone  goes  into  soiutlo'  wrJ  the  Oxygen 
carrier  gas  passes  through  the  heat  exchanger  *0  cool  the  incoming 
gaseous  mixture  before  being  vented  to  the  atmosphere.  Continuation 
of  this  process  permits  concentration  of  the  ozone  to  any  desired 
value.  The  liquid  level  in  the  mixture  tank  is  maintained  by 
bleeding  liquid  oxygen  from  the  refrigerant  jacket.  After 
unsuccessfully  trying  for  several  months  to  make  the  differential 
manometer  method  work,  the  liquid  level  in  the  mixture  tank  and  the 
concentration  of  the  mixture  are  both  monitored  currently  by  using 
an  ARF  capacitance  method  based  on  Ihe  wide  difference  in  the 
dielectric  constants  of  ozone  and  oxygen.  Liquid  level  in  the 
refrigerant  jacket  is  controlled  by  a  thermistor  device  which  has 
had  operational  d i f f i cu ! i i es .  Temperatures  of  the  mixture  and 
refrigerant  are  monitored  to  keep  from  inadvertent  formation  of  the 
two  phase  solutions  at  the  higher  concentrations  above  25$  ozor 
The  refrigerant  is  kept  somewhat  above  the  liquid  oxygen  atmospheric 
boiling  temperature  by  pressur  i  z i nr.  it  to  about  eight  pounds  per 
square  inch  using  a  back  pressure  regulator.  Freon  will  also  be 
used  to  prevent  the  two  phase  formation  and  as  an  aid  in  stabilizing 
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the  ozone.  Experience  In  operating  the  system  has  shown  the  necessity 
for  heating  the  out-gas  from  the  mixture  tank  so  the  ozone  Is  not 
recondensed  by  expansion  through  valve  constrictions  or  by  contact 
with  gaseous  oxygen  below  the  ozone  boiling  temperature.  Successful 
operation  of  the  system  depends  on  the  proper  temperature  control  to 
prevent  concentration  of  the  mixtures  by  oxygen  boll -off . 


The  low  pressure  generation  system  Is  Isolated  from  the 
rocket  system  for  the  test  runs  of  the  rocket  motor  and  the  mixture 
tank  is  pressurized  to  approximately  50  pounds  above  the  pressure  In 
the  liquid  oxygen  tank.  After  the  start  has  been  negotiated  on  liquid 
oxygen  the  mixture  tank  main  valve  Is  opened,  the  additional  pressure 
acts  on  an  upstream  check  valve  to  cut  off  flow  from  the  liquid  oxygen 
tank.  At  the  conclusion  of  the  o?one  mixture  port'on  of  the  run  the 
mixture  main  Is  closed  and  the  liquid  oxygen  flow  takes  over  again 
until  shutdown. 


Successfully  dumping  the  remaining  ozone  mixture  can  be 
quite  a  problem.  The  need  for  detailed  design,  careful  Installation, 
and  proper  procedures  is  only  too  readily  evidenced  here  by  the  number 
of  detonations  we  have  experienced.  Our  art,  if  any,  lies  in  never 
having  blown  up  the  mixture  tank. 

One  of  the  main  component  problems  Involves  small  static 
leaks  and  leakage  past  moving  seals.  Use  of  the  teflon  dispersion 
and  careful  testing  has  larqely  eliminated  the  problem  of  pipe 
thread  leakage  which  was  quite  trouble-row  Leakage  past  moving 
seals  In  valves  and  elsewhere  in  which  the  ozone  cpccpcj  from  inside 
the  system  and  reliqulfles  on  contact  with  gaseous  oxygen  or 
surfaces  below  its  boiling  point  can  be  troublesome 

The  necessity  for  keepl-g  the  system  sufficiently  cold  so 
the  oxygen  will  not  boil-off  and  concentre* >  t*  '  mixture*  is  uara- 
mount.  Th 1 5  can  be  accomplished  by  +  hc  use  cf  refined  cryogenic 
techniques  and  procedures  involving  heavily  I nsu I ated,  vacuum- 
jacketed  or  refrigerated  components,  experienced  Installation  methods 
and  closely  patterned  procedures.  The  removal  of  the  liquid  sampling 
system  resulted  from  our  inability  to  handle  these  problems  with  the 
system  as  installed. 

Although  It  has  been  possible  to  use  or  modify  some  existing 
valves,  e • g ■ ;  Annin  1520  and.  the  Hsrotta  FT2GF,  the  need  for  a 
specialized  valve  for  ozone  service  became  evident.  Flgura  30  shows 
the  fluid  actuated  version  of  such  a  valve  which  is  In  flral  stages 
of  development  In  both  fluid  actuated  and  manual  versions  the 
Marotta  PV32  and  PV32A  respectively.  This  valve  has  no  tedy  cavities 
or  metal -to-metal  contact.  Provisions  are  eeing  made  for  refriger¬ 
ating  the  body  and  a  servo  control  Is  under  developr.ont. 

Toxicity  of  crone  presents  a  serious  problem  that  Is  not 
yet  completely  defined.  Efforts  to  solve  the  problem  by  care  in 
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Installation  and  operation  Involving  careful  ly.aki.3e  tests,  placing 
catalyst  chambers  on  all  vents,  etc.  do  not  allow  sufficiently  for 
the  accidental  eventual  I ty  wh I ch  is  always  present  in  such  research 
efforts.  With  increased  concentration  or  length  of  exposure  the 
almost  pleasant  contact  with  ozone  from  natural  causes  or  occasional 
electric  arcing  is  replaced  by  a  strong  ammonla-llke  smell  and 
constriction  of  the  nasal  and  throat  passages  sometimes  accompanied 
by  temporarily  uncontrollable  coughing.  Gas  masks  with  utility 
cannlsters  have  been  used  successfully  for  short  times. 

Summarization  of  the  results  of  operating  the  generation 
system  show  a  considerable  number  of  runs  up  to  the  15*  ozone 
mixtures.  Generation  of  5  to  10*  mixtures  is  now  routine  while 
trouble  continues  to  be  experienced  in  dumping. the  15*  mixtures. 

It  is  felt  that  the  final  difficulties  with  these  mixtures  are 
being  solved  and  that  we  will  soon  be  able  to  proceed  to  the  25 * 
mixtures  with  some  confidence  of  being  able  to  show  a  completely 
acceptable  system  sometime  thereafter. 

Operation  of  the  rocket  system  includes  about  20  tests 
with  up  to  10*  ozone  mixtures  most  of  which  are  sufficiently 
successful  to  be  called  routine.  The  two  tests  In  the  10  to  15* 
concentration  range  were  successful  from  rocket  operation  stand¬ 
points.  No  major  difficulties  with  the  25*  ozone  mixtures  from  a 
rocket  operation  standpoint  are  anticipated.  Some  time  may  need 
to  be  spent  In  developing  procedures  for  hoc J!  end  especially 
dumping,  the  25*  concentration  mixtures. 

Since  the  Improvement  In  performance  over  liquid  oxygen 
for  100*  ozone  la  about  6  to  7-1/2  percent  the  evaluation  of  a  rocket 
using  2 5*  ozone  depends  on  measurements  at  about  the  present  limit 
of  precision  *or  the  rocket  field.  It  will  by  ne^eesary  to  nj.kc 
steady  state  measurements  of  fuel  and  oxidizer  flow,  thrusr  end 
chamber  pressure  to  better  than  1/2  of  I  percent,  With  proper 
corrections  and  considerable  calibration  these  are  obtainable  at 
our  laboratory  for  fuel  flow  and  thrust.  The  problem  of  measuring 
liquid  oxygen  and  ozone  mixture  flow  Ir  being  undertaken  by 
attempting  the  precision  calibration  of  a  Potter  turbine  type  flow-, 
meter  using  the  measurement  of  fiow  rate  from  a  completely  self- 
contained  system  mounted  on  a  scale. 

Combustion  chamber  pressure  Is  being  measured  by  a  further 
development  of  the  Lt-llu  high  frequency  response,  water  cooled, 
bonded  strain  column  sens’ng  element  ueveloped  for  our  combustion 
instability  research.  Averaqe  steady  state  chamber  pressure  Is 
measured  by  matching  the  impev^nce  of  a  l  &  N  Soeedomax  recording 
potentiometer  and  depending  or,  its  ampilfiyi  to  ovyrage  the 
fluctuations.  The  high  frequency  output  pf  the  pickup  will  be 
recorded  on  an  Ampex  tape  recorder  and  used  to  evaluate  effects  of 
the  ozone  mixtures  on  combustion  efficiency,  level  of  fluctuations 
and  stab! I ity  I imlts. 
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CONCLUSIONS 

While  the  shove  presentation  is  primarily  a  sunmary  of  our 
experience  with  liquid  ozone -oxygen  mixtures,  some  attempt  to  make 
at  least  a  preliminary  evaluation  1 a  probably  expected.  In  matter 
of  fact,  no  such  evaluation  on  our  part  can  yet  be  recorded.  We,  at 
present,  have  a  "conditioned  optimism"  with  respect  to  the  possibility 
of  using  the  25#  ozone  mixtures  in  rocket  systems. 

More  work  Is  needed  on  the  fundamental  character  of  the 
unstable  behavior  of  ozone  including  the  effect  of  sensitizing  agents 
and  thei.  i Jeni i fication  in  kind  and  degree.  A  considerable  part  of 
such  effort  would  seem  to  be  instrumentation  development. 

Criteria  need  to  be  established  tor  generation  system 
design  and  components  and  installation  methods  developed.  Cryogenic 
technique  will  probably  always  be  a  major  factor  In  the  generation, 
storage,  transfer  and  disposal  of  liquid  ozone  and  its  mixtures. 

More  work  Is  needed  on  the  special  requirements  for  the 
design  of  rocket  systems  and  especially  components.  The  primary 
problems  surround  the  selection  of  suitab'e  materials  and  their 
preparation  for  ozone  service,  the  utilization  of  refined  cryogenic 
techniques,  the  application  of  automatic  controls  and  development  of 
reliable  instruments.  A  major  problem  which  needs  early  attention  Is 
the  pumping  of  the  ozone  mixtures. 

It  Is  expected  that  1 ;0q  end  Instructive  results 
will  emerge  from  the  kinetic  studies  ot  ozena  I  icils  and  tne 
effort  to  correlate  them  with  results  relating  to  performance  and 
comuustlon  from  the  rocket  motor  tests. 

Further  effort*  to  assess  the  toxicity  problem  and  to 
develop  monitors  and  protective  ievi-  r,re  needed. 

in  the  final  analysis  all  of  r«;e  factors  must  be  applied 
in  an  objective  manner  against  the  payoff.  The  factors  are  so  many 
and,  as  yet,  largely  untested  I  hat  it  seems  premature  to  attempt  any 
but  the  most  preliminary  evaluation  of  liquid  ozone-oxygen  mixtures 
as  rocker  oxidizers.  However,  the  general  possibilities  seem 
sufficiently  attractive  to  warrant  continued  active  efforts. 

I 

•  it 
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A.  V.  Grosse,  C.  S.  Stokes,  sad  V.  L.  Doylt 
The  Research  Institute  of  Temple  University 
Philadelphia,  Pennsylvania 


I  would  like  to  present  saae  of  the  results  that  we  have  ob¬ 
tained  at  Temple  in  the  general  field  of  high  temperature  research. 

Ve  have  been  in  this  field  for  the  last  niue  years  and,  obviously,  at 
this  meeting  we  cannot  go  into  details  and  discuss  all  the  various 
phases  of  the  work  but,  at  least,  I  would  like  to  give  you  a  brief  out¬ 
line  of  our  research. 

Our  work  was  supported  originally  by  the  Office  of  Naval 
Research  and  later  by  Army  Ordnance,  and  particularly  by  Redstone 
Arsenal.  We  have  also  been  sponsored  by  ta-c  l>.  fi.  Air  For;*  Office  of 
Scientific  Research. 

Primarily  we  were  interested  in  producing  high  temperatures 
by  chemical  means.  Ve  were  then  interested  in  studying  various 
chemical-physical  phenomena  at  tt  se  high  temperatures.  The  field  Is 
wide  open  and  from  the  various  topics  that  L  will  discuss  with  you,  I 
think  you  Will  ncrr^-  the*  th*  surface  of  thr,v  vlio.l *  field  of  high 
temperature  research  has  only  been  -ciaoched. 

In  order  to  produce  high  temperatures  by  chemical  means,  one 
must  have  a  highly  exothermic  chemical  reaction  and  the  products  of 
combustion  should  be  stable.  This  requirement  is  met  by  the  simple 
metals  —  magnesium,  aluminum,  and  zirconium  —  which  have  become 
more  readily  available  in  recent  years. 

Our  Institute  used  a  very  simple  setup  that  originally  de¬ 
veloped  from  some  experiments  that  were  carried  out  with  the  unforget¬ 
table  Enrico  Fermi  at  Columbia  University  in  the  early  days  of  the 
Manhattan  Project. 

The  apparatus  consists,  essentially,  of  a  hollow  sphere  made 
out  of  the  oxide  of  the  metal  that  is  being  combusted  and  the  metal  and 
oxygen  are  fed  through  side  juris.  The  top  is  water-cooled  so  we  can 
see  what  is  going  on. 
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I  wold  like  to  esqphaslze  that  there  le  a  tremendous  differ¬ 
ence  in  the  behavior  of  the  combustion  of  these  three  simple  ratals; 
magnesium,  aluminum,  and  zirconium.  H»ey  *11  produce  high  temperatures : 
magnesium,  atmospheric  pressure,  adiabatic  temperature  equals  30CO*K; 
aluminum,  3800*K;  and  zirconium,  4900 *K. 

The  physical  properties  of  both  the  metals  and  particularly 
the  oxides,  are  different  and  that  characterizes  the  phenomenon  one 
observes.  Magnesium  boils  at  1100 *C  and  if  it  la  fed  into  a  furnace 
of  a  sisals  type,  most  of  the  magnesias  boils  out  and  burns  in  a  big 
flash  outside. 

In  the  case  of  aluminum  vs  have  an  interesting  phenomenon 
that  I  would  like  to  describe.  As  an  alwrinua  rod  or  wire  is  fed  into 
the  pot,  ve  get  the  so-called  "skating  sun."  The  oxygen  stream  comes 
from  the  top  and  the  aluminum  bci is  and  burns  in  the  atmosphere  of 
oxygen.  A  similar  situation  occurs  when  a  drop  of  water  hits  a  red-bot 
plate  where  the  drop  or  puddle  of  water  boils  on  the  surface  of  the 
solid  material.  In  this  case,  it  actually  skates  over  the  surface  of 
the  liquid  aluminum  oxide  as  a  boiling  paj  cake  of  metallic  aluminum. 

The  boiling  vapors  then  meet  the  stream  of  oxygen  about  1  vm  above  the 
surface  of  the  liquid  and  there  produce  a  very  brilliant,  radiant 
disc-like  object  which  looks  .like  the  sun.  So  the  whole  thing  is 
described  as  the  "skating  sun"  because  the  liquid  aluminm  can  move 
back  and  forth  over  the  surface  of  the  liquid.  If  it  is  adjusted  to 
burn  in  the  middle,  it  will  keep  reasonably  constant. 

One  interesting  possibility  of  producing  high  +*  .^perutures  in 
substantial  relume  very  easily,  is  to  rotate  this  "skating  sun"  over  the 
surface  of  a  cylinder.  To  illustrate:  if  you  have  a  fork  on  one  side 
and  a  stuffing  box  on  the  other  in  which  to  feed  the  metal  either  in  the 
form  of  rod,  pipe,  or  wire  with  ♦he  oxygen,  and  rotate  the  whole 
apparatus,  you  will  have  a  chemical  reactor  •  W«  .tall  it  a  centrifugal 
reactor  where  the  whole  inner  surface  of  th*-  cylinder  j«  the  "skating 
sun."  Here  you  attain  an  overall  t-rpe;.  ature  of  about  3000 *K  at  1  atm 
and  the  aluminum  oxide  bolls  out  at  a  rate  corresponding  to  the  feeding 
of  the  sluzLuUi,  one-half  or  one  lb/mln. 

In  a  similar  operation  with  a  magnesium  feed  the  color  of 
the  flame  Is  different.  It  is  more  brilliant,  but  ve  also  have  here 
another  phenomenon  which  is  ne  t  normal.  Sams  of  the  liquid  magnesium 
oxide,  melting  at  about  3100 *K,  is  spilled  out  in  a  "squirt."  If  you 
really  want  to  have  a  hot  shower,  this  is  it! 

Because  zirconium  metal  has  practically  no  vapor  pressure  at 
3000 *K  and  also  because  the  product  of  ecmtbustion,  zirconium  dioxide, 
has  no  vapor  pressure,  a  completely  different  set  of  phenomena  occurs 
when  this  metal  is  used.  When  the  metal  is  burned  it  becomes  highly 
radiant  at  2000*  or  3000*K  hut  burns  in  the  liquid  state.  That  is 
something  that  will  have  to  be  studied  naicb  more  fully.  Diffusion 
of  oxygen  occurs  through  the  liquid  which  at  these  temperatures  of  the 
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order  of  3000 *K  is  very  rapid,  and  the  whole  mass  seems  to  burn  right 
through  the  liquid.  I  should  like  to  emphasise  that  with  a  metal  like 
magnesium  you  have  one  set  of  phenomena,  which  essentially  burns  like 
a  vapor.  Aluminum,  on  the  other  hand,  is  a  sort  of  Intermediate  stage 
which  shows  a  "skating  Sun,"  whereas  zirconium  burns  as  a  liquid. 

Another  method  for  producing  high  temperatures  is  the  use  of 
a  powdered  metal  oxygen  torch.  Because  the  products  of  combustion  are 
highly  refractory  and  at  a  high  temperature  and  therefore  condense  on 
any  surface,  releasing  their  heats  of  vaporization,  the  flame  of  the 
torch  will  have  a  very  effective  beat  transfer  mechanism  and  will  melt 
through  any  material;  e.g.,  reinforced  concrete,  granite,  etc. 

The  so-called  "dog"  of  the  steel  Industry  cannot  be  cut  by 
any  other  means.  A  "dog"  is  composed  of  bricks,  concrete,  iron,  etc., 
so  it  cannot  be  touched  by  oxy-e.c  tjl^ne  or  by  a  pneumatic  hammer,  but 
it  can  be  cut  by  an  oxy-alumlcus  torch. 

If  we  look  at  the  molecules  that  are  present  In  the  sun  — 
and  there  are  only  about  ten  —  we  will  fir  I  the  meet  thermally  stable 
molecules  are  carbon  monoxide  and  nitrogen,  so  any  reaction  that  will 
produce  these  as  products  of  combustion,  will  produce  a  very  high 
temperature  providing  tbs  reaction  la  highly  endothermic.  He  have 
been  combusting  cyanogen,  a  very  nice  material  to  handle  although 
poisonous.  It  is  not  recooaended  that  it  be  inhaled.  We  have  been 
living  with  it  for  the  last  seven  years  or  so  and  have  been  using  it. 

In  combusting  cyanogen  and  oxygen,  vc  c-n  get  a  temperature  'k5oc*K. 

I  will  Just  mention  briefly  that  we  measure  Gbeoc  temperatures  by 
comparing  these  flames  directly  with  the  sun,  using  the  well-known 
line -reversal  method. 

In  addition  to  cyanogen  we  have  discovered  recently  that 
there  are  some  other  compounds  which  will  produce  evre  higher  tempera¬ 
tures.  These  are  the  so-called  carbon  subuilrM-s  which  esr-etl&liy 
the  dicyano-polyacetylenes .  The  firs*  Farther,  JLieyano -acetylene,  has 
properties  similar  to  benzene,  melts  at  about  +20*C,  and  has  a  negative 
heat  of  formation  of  +140  Kcal/mol.  It  is  quite  a  potent  compound 
when  combusted  with  oxygen.  We  found  that  we  could  bubble  oxygen 
through  the  conpound  and  burn  it  in  a  preaixed  flame.  This  flame  pro¬ 
duces  a  temperature  of  5150*K  at  1  atm  pressure  and  at  higher  pressures 
as  would  be  used  in  rocket  mot  rs,  5750“K. 

Instead  of  using  endothermic  fuels,  it  is  obvious,  of  course, 
that  one  could  use  endothermic  oxidizers.  The  best  thing  to  use,  in¬ 
stead  of  oxygen  is  the  molecule  O3  (ozone).  I  will  describe  a  few  of 
our  experiments  with  ozone,  for  there  is  much  interest  in  that  material 
by  researchers  in  the  liquid  propellant  field. 

Ozone  has  the  advantage  in  that  it  has  a  negative  heat  of 
formation  of  33  Kcal/mol.  It  b*s  a  high  density  and  a  higher  boiling 
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point  than  oxygen,  but  one  has  to  learn  how  to  handle  it  in  order  to 
avoid  detonations. 

The  first  thing  we  were  interested  in  doing  wee  to  burn  pure 
ozone .  The  decomposition  flame  of  O3  to  Og  has  a  flame  temperature  of 
about  2700 *K  and  one  would  expect  that  it  would  produce  a  visible  flame. 
We  have  been  able  to  bum  IOC#  ozone,  starting  first  with  dilute  mix¬ 
tures.  The  pure  ozone  flame  is  not  very  Impressive  because  the  oxygen 
molecule  radiates  very  little  light  in  the  visible.  It  is  just  a  pale 
blue  flaae  with  a  characteristic  pink  cast.  It  can  be  seen  above  the 
range  of  about  70$  ozone  in  oxygen.  Below  that  range,  it  is  not 
visible  to  the  naked  eye  unless  one  is  experienced,  but  can  be  de¬ 
tected  on  a  sehlieren  apparatus. 

Temple  does  not  have  +he  reputation  that  Princeton  has  to 
uphold  in  the  field  of  research  because  we  are  newcomers.  Our  appara¬ 
tus,  for  that  reason,  is  extremely  simple!  The  whole  apparatus  is 
Just  a  glass  gas-holder  with  one  stopcock  and  the  ozone  mixture  is 
pressed  out  with  water.  The  point  is,  we  cannot  get  into  much  trouble! 
We  used  water  for  our  gas-holder,  gas-expelling  mixture.  We  bad  an 
ice  trap  that  took  out  the  water  vapors.  When  referring  to  pure  ozone, 

I  mean  pure  ozone  and  not  diluted. 

By  the  techniques  of  the  sehlieren  method  one  can  measure 
burning  velocities  which  are  not  high  at  all.  Pure  IOC#  ozone  at 
atmospheric  pressure  and  roam  +«roerature  burns  at  a  velocity  of  U75 
cm/see.  Mixtures  of  5C#  or  25$  burn  with  xovei  velocities;  rind  the  low 
ignition  limit  is  at  17  mol  $  O3,  the  burning  velocity  being  about 
10-15  cm. 


The  ozone  flame  is  also  of  particular  interest  because  it  is 
the  simplest  flame  imaginable.  *  m  merely  hrfve  O3  molecules  as  the 
fuel  oxidizer  mixture,  and  only  O2  molecule*  as  the  product  ci  equa¬ 
tion,  the  only  possible  intermediates  being  ovygeu  stems.  In  recent 
years,  J.  0.  Hirsehf elder  of  Wisconsin,  T.  von  Karnan  of  California, 
and  R.  Sandri  of  Westlnghouse,  have  developed  a  theory  of  laminar 
flame  propagation.  The  simplest  decomposition  flames  are  those  of 
ozoae  and  hydrazine.  The  above  mentioned  scientists  checked  the 
theoretical  calculations  against  the  results  of  Lewis  and  von  Elbe  who 
exploded  ozone  and  oxygen  15  '"ears  earlier,  but  only  went  up  to  the 
range  of  50$  ozone.  We  asked  these  gentlemen  to  calculate  and  apply 
their  theories  to  the  IOC#  range.  I  was  very  much  surprised  and 
flattered  when  Dr.  von  Karmen  called  me  from  California  and  said  be 
would  be  glad  to  do  it.  F-  presented  the  theoretical  calculations  at 
the  High  Temperature  Symposium  held  at  Berkeley,  California,  June 
25-27,  1956.  These  were  in  agreement  with  the  experimental  values. 

Carbon  monoxide  ignites  spontaneously  with  C£Ou€ f  •whereas 
cyanogen  does  not.  Recently,  we  iave  been  able  to  mix  100$  pure  ozone 
with  hydrogen,  cyanogen,  a*  nrtherc.  We  allowed  the  cyanogen -oxygen 
mixture  to  stand  at  room  temperature  for  substantial  periods  of  tine* 
with  no  noticeable  reaction  occurring.  _ 
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We  have  Just  recently  finished  determining  the  burning 
velocities  of  the  ozone -hydrogen  system.  You  have  read  In  tex+books 
that  if  you  take  two  volumes  of  hydrogen  and  one  volume  of  oxygen,  you 
get  water.  That  Is  no  longer  true  if  you  take  the  oxygen  in  the  form 
of  ozone,  for  then  you  will  have  to  take  three  volumes  of  hydrogen  and 
one  of  '-.zone.  You  then  get  the  water  formed  In  the  sane  amounts.  That 
Is  a  complicated  way  to  produce  water.  This  can  be  accomplished  with¬ 
out  detonations. 

We  have  operated  these  flames  at  dry  lee  temperatures  at 
-77*C  at  the  stoichiometric  point.  The  burning  velocities  are  620 
cm/sec  for  the  oxygen  and  1680  cm/sec  for  the  ozone.  Thus  it  can  be 
seen  that  the  hydrogen-ozone  mixture  burns  two  and  one  half  times 
faster  than  the  oxygen  system,  both  leading  to  water  as  products  of 
combustion.  The  kinetics  of  the  whole  reaction  rate  of  combustion  are 
very  markedly  increased  by  ozone  compared  with  oxygen. 

We  have  also  combusted  hydrogen  and  fluorine  premixed  flames 
which  are  still  faster  than  the  ozone  flame  and  give  interesting 
possibilities  for  a  study  of  very  fast  f limes  running  at  a  rate  of 
about  20  t:.'  25  raetere  per  second. 

We  found  that  liquid  ozone  and  liquid  fluorine  can  be  mixed 
in  any  proportion  which  gives  the  possibility  of  studying  ozone- 
fluorine  mixtures.  We  also  know  that  there  are  compounds  of  oxygen 
and  fluorine.  A  well  known  one  is  OFg,  which  is  a  stable  gas. 

Another  is  OoFg  *hich  ws  have  been  stuiytr^  :*c«ntly.  This  is  an 
orange-red  liquid  with  a  boiling  point  of  br*C. 

An  interesting  point  is  that  there  is  a  Japanese  paper,  dated 
about  twenty  years  back,  on  the  compound  OjFp  **»ich  we  have  been  handl¬ 
ing  recently  and  prefer  to  call  ■'zone -fluoride .  For  seme  reason  this 
Japanese  work  which  was  published  before  "oar 1  H“rv,or  was  considered 
unreliable.  None  of  our  reliable  textbeoxn  on  chemist;:/  make  mj 
reference  to  these  two  Japanese  papers .  The  reason  for  that  may  be  that 
the  Japanese  workers,  Aoyaoa  and  Sakuraba,  did  not  determine  the  composi¬ 
tion  of  this  compound  by  standard  chemical  analysis  but  Just  determined 
the  ratio  of  oxygen  to  fluorine  and  found  it  varies  between  one  and 
one  and  one  half.  In  those  cases  where  it  was  one  and  one  half,  they 
explained  they  had  the  pure  O3F2  compound.  In  the  other  case,  they 
had  O2F2'  I  do  not  have  time  to  go  into  details  except  to  tell  you  we 
have  distilled  and  isolated  pure  0oF2*  It  is  a  blood  red  liquid,  muon 
darker  in  color  than  the  O2F2  and  is  stable  at  liquid  oxygen  tempera¬ 
tures.  We  have  determined  the  formula.  It  is  O3F2  end  we  are  Just 
beginning  to  determine  its  heat  of  formation  which  is  meet  important . 

We  have  recently  determined  the  heat  of  formation  of  O2F2  as  -50  Real 
and  O3F2  is  likely  to  be  -15  Real. 

We  have  set  up  the  hotter t  rocket  motor  which  we  believe 
exists  in  this  country  by  '.jssusting  cyanogen  and  oxygen.  This  has 
been  accomplished  by  Mr.  Willi ra  L.  Doyle,  director  of  our  high  tem¬ 
perature  establishment.  _ 
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FLtJCRINE/taERAZINE  AS  PROPELLANTS  FOR  LCNO-RANGE  ROCKETS 


H.  H.  Koelle,  J.  G.  Tschinkel 
Army  Ballistic  KLssile  Agency 
Huntsville,  ATebmaa 


INTRQDOCTIOW 


During  a  theoretical  study  of  future  propulsion  systems  of 
rockets  above  1000  N.  mile  range,  the  choice  was  narrowed  to  very  few 
propellants.  The  following  criteria  were  applied  in  this  selection t 

1)  a  sizable  production  of  the  propellant  most  exist,  suffi¬ 
cient  for  iamediate  start  of  derelopmental  testing, 

2)  performance  must  appreciably  aooceed  that  of  the  present 
propellant,  LCK-Jet  fuel.  The  more  difficult  appears  to 
be  development  and  handling  of  the  new  propellant,  the 
greater  must  be  the  gain  in  performance. 

3)  there  must  be  some  experimental  proof  of  the  of 

tht  propellant. 

PRELIMINARY  COMPARISON  BASED  ON  "CAPACITY  FACTCB* 

Judging  rocket  propellants  by  their  specific  impulse  has 
been  shown  to  be  totally  inadequate.  The  only  decisive  parameter  is 
the  range  obtained  for  a  given  payload  with  respect  to  mass  of  pro¬ 
pellant  and  of  structure  expended  and  with  respect  to  the  volume  of 
the  rocket. 

Three  parameters  are  readily  apparent  to  chiefly  determine 
the  range.  They  appear  in  this  form  of  the  ideal  cut-off  velocity 


°id  *  Tsp  *c  ^  (1  /  D  •)  Cl] 

■ass  ratio 
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▼eloclty  of  rocket  at  out-off  fcrTUght  in 
vacuum,  free  of  gravity 

specific  impulse 

standard  acceleration  of  gravity  as  mass-force 
conversion  factor 

propellant  density 

"capacity  factor",  tank  volume  per  unit 
cut-off  mass  (specific  tank  volume) 

i  a  propellant  property  like  I_,  the  parameter 
a  design  parameter  of  the  rocket,  expressing  the 
achievement  of  light-weight  design:  »  larger  0  means  more  tank 
volume  obtained  for  a  given  out-off  mass.  Hots  that  the  payload  is 
also  contained  in  this  parameter  as  cut-off  mass,  and  so  is  residual 
propellant. 

For  a  given  payload  the  par  meter  6  has  a  tendency  to  grow 
with  longer  ranges.  From  actual  rocket  designs  or  from  some  design 
studies,  one  will  be  able,  at  a  given  state  of  art,  to  assign  soma 
value  of  0  characteristic  of  a  certain  payload-range  mission. 

Equation  [1]  is  easily  expanded  to  account  for  deceleration 
by  gravity  and  to  yield  the  vertical  «u»c«vnt  range.  SimpU cation  is 
obtained  by  the  following  assumptions : 

(a)  constant  thrust  during  propelled  period, 

(b)  thrust  to  starting  weight  ratio  *  2  (  »  initial 

acceleration  ■  gj, 

(c)  nc  fir  dreg, 

(d)  gravity  («s  ai»  surface  of  earth). 

The  range  of  vertical  ascent  follows t 

H  *  ^  I^2  lTj  p  g  /  In2  (1  /  D  0)  -  In  (1  /  D  0)]  [2] 

Most  conveniently,  propellants  are  compared  at  constant 
capacity  factor.  Choosing  0  -  7  litAg  as  typical  for  a  rocket 
of  about  1500  N.  Kile  range,  the  relative  range  of  a  number  of  pro¬ 
pellents  *re  in  Table  1. 
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TABLE  1 

Relative  Ascent  Altitude  H  from  Equ.  [2] 
for  0*7  li.ty4g 


?2-"2»U 

1.92 

F2-NH3 

1.61 

f2-o2-jp 

1.58 

CU'3-"2HU 

lilil 

w 

1.22 

H2°2-H2Hu 

1.22 

**  “jVVl, 

0.96 

0^-JP 

1.00 

From  t.hia  group,  U  propellant*  were  selected  for  closer 

scrutiny* 

1)  Og-JP  as  reference  standard. 

2)  VN2HU  **  *  ProP*^-arr^  of  some  iapro/emeut,  but  aoiorat* 

developmental  difficulties,  since  the  coddixer  is  being 
retained. 

3)  ®202"N2\  **  *  "storrhle*  tyoa,  waning  to  be 

liquid  at  normal  temperature.  9&  8'^entra.ticn  was  prefer¬ 
red  to  the  anhydrous  &,<!>»  becau***  of  the  lank  of  motor  tests 
—In  the  latter. 

U)  ?2"’N2HU  **  ^°P  performer.  Tbs  intermediate  fluorine  combi¬ 
nations  were  disregarded  with  the  reasoning  that  the 
developmental  and  handling  difficulties  with  fluorine  (and 
its  compounds)  could  only  be  justified  by  top  perfozmance. 

CCMPABI3CM  BA3ED  CH  ML35IIZ  DESIGN  <F  VARIABLE  IEM3TH 

The  bsMs  of  comparison  was  a  3500  N.  Mile  rocket  equipped 
with  a  200  K  enrlne  with  LCE/Jet  fuel  as  propellant , 
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TABLE  2 

Description  of  Reference  Rocket 
3500  H.  Kile,  LCK/JP 


Cut-off  lias 5  (pwuiids) 


Nose  Section  (payload,  atructure,  inatr.,  etc) 
Center  Section  (propellant  tanka) 

Tail  Section,  (engine,  atructure,  auxiliary) 
Residual  Propellant  at  Cut-off 
Cut-off  Mass 
Overall  Length  (feet) 


UBOO 

2000  (variable) 

lOOO 

1300 

12,U00  (variable) 
55  (variable) 


Caliber  (cylindrical  body)  (inch)  10 (4. 

Thrust  (lbF),  sea  level  200,000 


Of  the  design  parameters  listed  in  Table  2,  the  ones  desig¬ 
nated  "variable"  were  allowed  to  vary;  the  others  were  held  constant. 


The  site  of  the  rocket  was  xna.*--?  v.i  by  -'erely  «erteniing  the 
length  of  its  center  section. 

The  increment  of  cut-off  mass  was  assumed  to  be  50  IbM  per 
foot  length,  composed  of  U3  IbM  metal  and  7  3bM  pressurising  gee. 

There  could  be  some  doubt  on  the  validity  cf  the  S3mnzpticn 
of  e  constant  engine  mass.  It  was  Justifi*’  by  an  e-ti'^ciou  tliat 
the  design  changes  imposed  by  ch<gv^a>g  propellants  would  amount  to 
changes  of  engine  maas  of  only  ^L(#.  Since  the  engine  mass  consti¬ 
tutes  about  2 Gg  of  the  total  cut-off  mass  of  the  standard  rocket,  the 
propellent  change  may  impose  only  change  of  cut-off  mass;  this,  in 
turn,  would  cause  a  variation  of  range  by  about  which  is  well 
within  the  accuracy  of  the  entire  estimation. 


RANGE  CALCULATION 

The  length  was  varied  in  steps  of  5  feet,  the  consequent 
changes  of  mass  ratio,  burning  time,  cut-off  velocity,  etc.,  and 
finally  range  calculated.  A  closed  equation  had  been  derived  ren¬ 
dering  the  maximum  range  with  consideration  for  gravity  and  air  drac 
at  constant  mass  flow  rate. 
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Thrort  variation  with  altitude  is  aooounted  for  by  use  of 
an  storage  truest  as  follows! 


7 

av. 


*sea  level  ^  ^rao. 


*aea  level ^ 


[3] 


tablet 


A.  set  of  typical  intermediate  data  is  given  in  the  following 
TABLE  3 

Exanpla  of  Calculated  Data 
Propellant,  LCE/JP 


Missile  Length 

ft 

60 

65 

70 

Cut-off  Mass 

IbM 

12!',00 

12650 

12900 

13150 

Increment 

lbM 

250 

250 

250 

Propellant  Mass 

lhM 

06705 

105630 

124555 

143480 

Increment 

lhM 

30925 

13925 

38925 

Take-off  Mass 

lbM 

99120 

118295 

137470 

356645 

Increment 

lbM 

19175 

39175 

19175 

Initial  Acceleration 

*c 

1.0176 

0.6907 

o.1j55o 

0.2768 

Decrement 

«o 

0.jki 

0,2; >6 

0.17ft 

Mass  Ratio 

7.98 4 

9.340 

10.644 

n.u9e 

Increment 

— 

1.356 

1.304 

1.254 

Burning  Time 

CSC 

111 

135 

159 

183 

Maes  Flow  Rate 

lbH/eec 

794 

• 

3 

a 

Sichaust  Velocity 

■/sec 

2765 

■ 

a 

• 

Ideal  Out-off  Veloc. 

■/sec 

5744 

6178 

6539 

6847 

Veloc.  Decrease 
due  to  Gravity 

■/sec 

888 

1060 

1272 

1464 

Veloc.  Decrease 
due  to  Drag 

■/sec 

26u 

200 

167 

153 

Cut-off  Velocity 

■/see 

14818 

5100 

Range 

N.Hi. 

1506 

1800 

2020 

2180 

PROPZLLAOT  PERFORMANCE  CCKPAKISCK 


The  result  of  these  calculations  for  the  chosen  four  propel* 
louts  is  shown  in  Figure  1. 
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Inspection  of  this  graph  loads  to  tha  following  conclusions t 

(a)  90*  H2O2 does  DO't  improve  tha  range  performance.  Its 
only  merits  rs.  LGK  would  lio  in  tha  *storaMHty*  of  tha  oxidiM.*, 
meaning  that  it  Is  a  liquid  at  normal  tenperature. 

(b)  Accepting  a  take-off  acceleration  of  0.2  g  as  limit  of 
feasibility,  it  can  be  seen  that  tha  limits  of  feasible  range  are, 
for  a  single  ptage  rocket  of  the  given  design! 

TABUS  h 


Feasible  Range  (0.2  g  taka-off  acceleration)  of 
Single  Stage  Rockets 


- Heir 

LCK~t? 

2  2jQ 

1*0 

9<*  H202A2^ 

2(g0 

0.91 

2750 

1*22 

1|200 

1.87 

*2/^2%  WOttld  allow  to  build  a  missile  of  near  ICBM  range 
(5000  N.ttL.)  in  a  single  stage,  end  this  at  a  missile  length  only 
10  feet  longer  than  a  LCK-JP  IBB*  •daeile  (1500  N.M1 , ). 


(o)  Conperlng  mLssil-  length  at  given  range  leads  to  the  follow- 


ing  result t 

TABUS  5 

Missile  Length  vs.  R.-  nge. 

ft.  (relative) 

Range 

I/S-JT 

90* 

V'A 

1500 

55  (1,00) 

55  (1*00) 

52  (0.95) 

li 5  (0.82) 

2000 

6h.5  (1.00) 

66  (1*025) 

58  (0.90) 

1a8  (0.75) 

2500 

out 

out 

66  (1*00) 

_  __50.5  (0.765) 

In  Figure  2, 

the  take-off  mass  is  presented 

as  a  function  of 

range 

length. 


or  the  four  propellants,  with  lines  of  constant  missile 


It  can  be  seen  that  the  percnd.de- hyirasine  rocket  would  be 
heavier  than  the  LCK-JP  rocket  at  e  cdwan  range,  whereas,  tha  ether 
two  propellants  yield  significantly  lighter  rockets.  At  the  limit 
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of  the  LCK-JP  rocket  (2250  N.Mi.  ),  the  tak»-off  masses  oocpare  as 
follows i 

TABLE  6 

Take-off  Maes  at  2250  N.  Mile  Range 


IbM 

Relative 

lge/jp 

165,000 

1.00 

9<$  HgC \/»2\ 

(not  feasible) 

v*/*2\ 

122,000 

0.7U 

t2/i2% 

85,000 

0.515 

In  the  foregoing  calculation*.  propellant  performance 
parameters  were  assumed  as  follows i 

TABUB  7 

Propellant  Performance  Parameters 
800  pal  Chamber  Pressure 


0/P,  Mass 
Ratio 

lesatc a 

mm 

Va£?m 

(■•o) 

*sp 

Average 

L»*o) 

Prop,  bulk 
Spec.  Grav. 

LCK-JP 

2.25 

252 

289 

282 

1.0C6 

90  HgOg-Sj,^ 

1.70 

2L2 

277 

■70 

3,21’t 

LCK-N,H,f 

0-835 

271 

311 

303 

1.060 

w 

2.0 

306 

353 

3W: 

1.300 

COMPARISON  CF  CALCULATED  RANGES  W?H  VEnTIHAL  ACCENT  DATA 

TH55T75 - ‘ - -  "  “ 

Under  the  assumption  of  this  study,  missils  length  (L)  can 
be  directly  converted  into  8-values. 

By  talcing  the  cut-off  mass  of  the  55  ft  LCK-JP  missile  (see 
Table  2)  as  base  value  (12, LOO  IbM),  the  anas  increment  (50  IbM  per 
ft),  the  base  propellant  volume  (39, 050  lit),  and  the  relume  increment 
(l£?L  lit  per  ft),  the  conversion  of  missile  length  into  capacity  fac¬ 
tor  ia  found  to  be  nearly  linear: 


«  =  6.93  4  0.259  (L-55)  [L] 


8  and  L-ac&lea  are  superimpose-1  on  Pigure  1.  figure  3  ehowe  relative 
ascent  values  and  relative  css  ye  values  on  sane  graph  as  function  of 
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both  6  and  L»  It  «an  b«  seen  that  the  relative  rating  of  the  aaoent 
values  for  the  various  propellante  coaes  near  the  rating  of  the  more 
accurate  range  calculation.  The  two  curves  seen  to  cone  neaier  with 
larger  mis si lea. 

CurTe  Hi  for  loot  1*902^2**!;  w*,'a  ineertod  to  3how  that  ite 
performance  comes  very  near  to  tha  ono  of  LGK/t^H^. 

On  the  whole,  one  may  say  t!u.t  the  ascent  method  spaces  pro¬ 
pellante  adequately  if  they  are  arach  different,  but  may  not  be 
representative  for  propellants  of  little  different  performance. 


8 

$ 
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Tak**off  Maas 

(1000  lbH) 


/ 

I 


2200 _ 26^00 _ 3000 _ 3^0  38a 


Psaje  -  H.  Ml, 
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Acetylenic  Compounds  as  Ram-  and  Turbo-Rocket  Fuels 

The  jet  propulsion  devices  known  ae  ran-  and  turbo-rockets 
have  been  the  objects  of  considerable  research.  Yn  t*»e  ram  ro.-ket 
a  fuel  is  first  decomposed  as  a  monopropellant  in  a  rocket  set-oi*, 
and  the  exhaust  products  from  this  decomposition  are  burned  in  an 
air  breathing  device  such  as  a  ram  jet.  The  principal  advantage  of 
this  combination  is  that  it  has  substantially  higher  thrusts  than  a 
simple  ram  Jet  motor  at  the  low  Mach  umbers  which  correspond  to 
launching  velocities}  a  single  ram  jet  motor  does  not  drveiep  a 
positive  thrust  below  a  Mach  number  of  O.y. 

In  addition  to  fuel  characteristics,  the  performance  of  a 
ram  rocket  is  dependent  upon  a  number  of  other  factors;  these  include i 
a)  altitude  of  operation}  b)  speed  of  launching;  r.)  maximum  desired 
flight  speed;  d)  desired  range  of  operation;  e)  geometrical  configur¬ 
ation  of  the  ram  rocket  motor.  Calculations  which  were  made  in  these 
laboratories,  indicate  that  different  fuel  characteristics  will  be 
important  depending  upon  which  of  these  parameters  is  being  consid¬ 
ered.  For  instance,  a  high  monopropellant  specific  impulse  will  be 
conducive  to  a  high  thrust  on  launching.  For  a  fixed  sise  of  ram 
jet  air  inlet,  high  launching  velocities  are  favored  by  operation  on 
the  fuel  rich  side,  but  at  the  expense  of  lower  performance  at  high¬ 
er  speeds.  When  the  device  is  operating  at  speeds  approaching  a  Mach 
naaoer  equal  to  one  (1),  the  fuel  specific  impulse  (specific  thrust 
per  pound  of  fuel  in  an  air  breathing  device)  assumes  major  import¬ 
ance  (2,  3). 
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A  st  Jdy  by  Marquardt  Aircraft  Co.  (U)  illustrates  some  of 
the  additional  advantages  of  the  rocket  ramjet  engine.  Methylacetyl- 
ene  was  considered  as  the  fuel  in  this  study,  but  it  is  believed 
that  similar  considerations  would  apply  to  this  type  of  equipment 
using  other  acetylenic  compounds  as  fuels.  It  was  pointed  out  that 
under  cruising  conditions  a  ram  Jet  initially  brought  up  to  speed  by 
a  rocket  booster  cannot  develop  as  high  a  thrust  for  short  periods 
of  time  as  can  be  obtained  in  a  ram  rocket  by  simply  increasing  fuel 
flow.  Another  advantage  is  the  ability  of  a  ram  rocket  engine  to  re¬ 
main  ignited  even  under  conditions  of  high  angles  of  attack  because 
of  the  pilot  action  of  the  rockets. 

In  a  report  on  the  air-turborocket  cycle  Eldridge  (5) 
states:  "This  shows  clearly  tlw  advantage  of  us  Log  pri iw../  fuels 
w  h  hl-di  heating  values.  Thus,  development  of  practically  useable 
fuels  of  the  acetylenic  type  will  provide  the  basis  for  a  signifi¬ 
cant  performance  improvement." 

The  properties  of  a  number  Of  aeetylenle  compounds  which 
may  ba  of  interest  as  ram  and  turbo rocket  fuels  are  described  below. 

It  is  apparent  that  in  these  systems  it  is  desirable  to 
employ  fuels  which  have  relatively  high  monopropellant  specific  im¬ 
pulse  values  Aid  which  give  rise  to  exhaust  products  possessing  high 
heats  of  combustion  with  air.  Methylaretylene  (propyne)  offers  con¬ 
siderable  merit  aa  a  fuel  for  this  application.  However,  it  has  the 
disadvantage  of  having  a  high  ~*por  pressure  end  a  low  density,  and 
thus  the  weight  of  the  storage  vessel  requlr.  d  per  unit,  weight  of 
propellant  detracts  from  the  advantage  of  its  high  epecilic  impulse. 
In  addition,  there  is  some  indication  that  there  may  be  difficulty  in 
obtaining  high  efficiency  as  compared  to  theoretical  performance,  and 
part  of  this  difficulty  may  arise  from  the  decomposition  and  combus¬ 
tion  characteristics  of  methyL.oetylene,  Other  acetylenic  compounds 
have  lower  vapor  pressures  and,  in  some  canes,  decompose  mere  readi¬ 
ly.  These  acetylenic  compounds  might  oa  considered  i or  use  either 
alone  or  in  blends  containing  methylaeetylene. 

Since  acetylenic  compounds  are  of  considerable  merit  as 
ram-  and  turbo-rocket  fuels,  end  since  ethylene  oxide  is  also  of  use 
in  such  applications,  it  appeared  that  it  might  be  advantageous  to 
utilize  the  energies  of  the  triple  bond  and  the  strained  three- 
membered  epoxide  ring  by  incorporating  the  two  groups  within  a  single 
molecule.  Some  of  the  more  recent  work  at  the  N.Y.U.  Laboratories 
has  involved  a  detailed  study  of  the  preparations  of  acetylenic 
epoxides.  As  a  result,  a  convenient  synthesis  of  2 -methyl -1,2-epoxy- 
3-butyne  has  been  developed.  This  compound  is  a  liquid  of  relative¬ 
ly  high  density  and  is  quite  stable. 

The  structures  and  densities  of  a  number  of  compounds  which 
may  be  of  interest  as  ram-  or  turbo-rocket  fuols  are  listed  in  Table 
I.  The  theoretical  per. rrmances  as  monopropellanls  have  boen  ealeu- 
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lated  for  those  compounds,  ar>d  tiieno  u*U»  are  euienarized  in  Table  II* 
The  adiabatic  flame  temperatures  of  the  monopropellants  have  been 
calculated  and  are  included  in  Table  II.  In  any  missile  application, 
it  is  important  to  know  the  energy  (thrust)  that  can  be  derived  from 
a  given  volume  of  fuel.  A  reasonable  estimate  of  the  effect  of 
density  car  be  obtained  from  the  product  of  the  density  and  the  mono¬ 
propellant  specific  impulse  value.  These  values  have  been  calcula¬ 
ted  and  arc  listed  in  Table  II. 

Included  in  Table  II  for  purposes  of  comparison,  are  simi¬ 
lar  data  for  ethylene  oxide,  a  conventional  monopropellant.  From 
the  data  listed  in  Table  II,  it  can  be  seen  that  many  of  the  acetyl¬ 
enic  compounds  have  monopropellant  specific  impulse  values  that  are 
higher  than  that  of  ethylene  oxide. 

If  those  values  which  correspond  to  the  products  of  the 
monopropellant  specific  impulses  and  densities  (density  impulses) 
are  examined,  some  appreciation  may  be  gained  of  the  relatively  high 
thrusts  that  can  be  obtained  from  given  v>ltmes  of  the  listed  com¬ 
pounds.  It  must  also  be  remembered  that  the  value  of  129.3  for 
methylacetylene  ia  somevhat  high  because  it  was  calculated  using  +h» 
density  of  methylacetylene  at  -2iu2°C.  Of  the  compounds  listed,  only 
methyl vinylacetylene  and  methyldivinylac  stylene  are  not  as  favorable 
as  methylacetylene,  but  even  in  these  cases  this  could  be  outweighed 
by  the  fact  that  methylacetylene  boils  at  -9.1i°F  at  atmospheric  pres¬ 
sure,  and  the  other  compounds  boil  at  ??.?  aiu  22?.9°F  respectively. 
In  any  consideration  of  this  type,  it  i a  desirable  tliat  a  fue’  have 
a  high  monopropellant  specific  impulse  and  a  relatively  high  density. 
It  is  interesting  that  dlpropargyl  ether  has  a  high  monopropcllant 
specific  impulse,  and  also  one  of  the  highest  densities  of  the  com¬ 
pounds  listed.  The  value  of  17" -8  is  indeed  one  of  the  highest  den¬ 
sity  impulses  listed  and  Is  33%  greater  than  the  nrrespondir^  value 
for  methylp netylene.  It  Is  evident  that  the-  ,-*-l ativolv  high  densi¬ 
ties  of  the  acetylenic  compounds  the*,  contain  either  oxygen  or  nitro¬ 
gen  cause  these  compounds  to  be  of  interest  in  the  current  program. 

The  value  of  any  ram-rocket  or  turbo-rocket  fuel  la  de¬ 
termined  not  only  by  its  thrust  derived  as  a  nonopropellant,  but 
also  by  the  thrust  derived  by  the  combustion  of  the  monopropellant 
decomposition  products  with  -ir.  An  accurate  evaluation  of  any  fuel 
therefore  requires  the  additional  consideration  of  the  material  as  a 
fuel  with  air,  and  necessitates  taking  a  number  of  other  variables 
into  cot.  si  deration. 

An  estimate  can  be  made  of  the  relative  performances  of 
various  fuels  from  a  calculated  value  called  the  fuel  specific 

A  wripl  mm  O' 

— '•I-'  V  ^  t  • 

Fuel  specific  impulse  values  of  a  number  of  acetylenic 
compounds  have  been  calculated  and  are  listed  in  Table  III  along  with 
the  values  of  the  air  to  fuel  ratios  at  stoichiometric  combustion. 
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Table  II 


Theoretical  Performances  as  Monopropellants  of  Various  Compounds 
Which  Are  of  Interest  as  Ram-  or  Turbo-Rocket  Fuels. 

Mcnopropellant  Monopropellant  Product  of 


Adiabatic  Flame 

Specific 

Density  and 

Temperature 

Impulses 

Monopropell ant 

(°F) 

Specific 

Impulse 

(£isec. 

cm* 

vlb.sec. 

ft3 

acetylene 

5103 

2V.0 

185.3 

9,070 

methylacetylene 

2686 

192.7 

129.3 

8,078 

1,5-hexadiyne 

3230 

188.6 

151.1 

9,830 

1, 6~heptadiyne 

2600 

179.8 

188.  h 

9,017 

1,7-octadiyne 

2100 

167.0 

136.8 

8,519 

methylvinylacetylene 

2080 

162.3 

110.8 

6,890 

methyldivinylaeetylene 

1780 

151.9 

110.8 

6,919 

cycl opropylace  tyl ene 
eyclopropylvinyl- 

2880 

177.3 

137.1 

8,557 

acetylene 

2132 

156.8 

129.? 

8,0,'*". 

ethylene  oxide 

1728 

169.0 

187.2 

9,190 

epoxybutyne 

3072 

191.6 

181.1 

11,300 

1, 2-epoxyhexen-5-yne-3 

2h33 

170.8 

- 

- 

2 -methyl -1 , 2-epoxyhexen- 

5-yne-3 

1983 

159.8 

187.0 

9.175 

methylepoxybutyne 

2168 

170.8 

152.7 

9,532 

dipropargyl  amine 

3180 

198.2 

175.0 

10,920 

dipropargyl  ether 

2958 

187.0 

172.8 

10,790 
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Table  III 

Fuel  Specific  Impulse  Values  for  Selected  Compounds. 


Air  to 

Fuel  Specific 

Product  of 
Density  and 

Compound 

Fuel  Ratio  * 

Impulse  (Sp) 

Fuel  Snecific 

/Pmma  of  Air  > 
'Pound  of  FSieV 

(sec) 

Imnnlee 

acetylene 

2331 

^ lb. sec  sec 

ft-  cm3 

90,350  1Ut7 

methylacetylene 

13.73 

2li06 

100, 300 

1615 

1,5-hexadiyne 

13.20 

2320 

116,000 

1858 

1 ,6-heptadiyne 

13. U3 

23ir8 

118,000 

1890 

1,7-octadiyne 

13.57 

2362 

120,500 

1930 

methyl vinyl acetylene 

13.51 

2350 

99,760 

1598 

methyldivinylacetylene 

13.51 

2330 

113,600 

1820 

cyclopropj laeetylene 

13.!i9 

2351 

113, U00 

1817 

cyclop  ropy! vinyl - 
acetylene 

13.1a 

2326 

119,650 

1917 

ethylene  cxi  ac 

7.60 

lh29 

77,710 

12U5 

eporybutyne 

9.08 

1616 

95,3U0 

1527 

1, 2-epoxyhexen-5-yne-3 

10.21 

lfii.7 

- 

2-methyl -1 ,  ’-enovyhercr. 

5-yne-3  10.79 

1906 

109,500 

175U 

methylepoxybutyne 

10.03 

1795 

100,100 

1605 

diproparpyl  amine 

ll.)»2 

2032 

lili,  300 

1831 

diproparpyl  ether 

10.21 

1023 

1^5,l460 

16S? 

JP-U  (taken  as 
dodecane,  C^H^) 

IIa.92 

232' 

108,950 

17b5 

*  Stoichiometric  requirement  of  air  for  complete 
combustion  of  fuel  employed. 

Sp  is  based  on  liquid  iuel  at  25°0. 

^chamber  “  psin 

Expansion  to  Mach  1  at  exit.  Air  intake  at  25°C. 
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The  products  of  the  fuel  specific  impulses  and  the  densities  (density 
fuel  impulses)  are  also  presented. 


In  order  that  some  comparison  can  be  made  between  the  fuel 
impulse  values  for  acetylenic  compounds  and  the  standard  ram  Jet 
fuel  JP— it,  the  corresponding  values  for  JP-lt  have  been  calculated 
and  are  incorporated  into  Table  III. 


If  one  considers  the  fuel  specific  impulse  values  alone  it 
appears  that  only  the  acetylenic  hydrocarbons  compare  favorably  with 
JP-h,  and  methylacetylene  would  appear  to  ..e  the  best  of  the  com¬ 
pounds  listed.  The  presence  of  nitrogen  or  oxygen  in  the  molecule 
results  in  a  decrease  in  the  fuel  specific  impulse.  However,  if  one 
takes  the  densities  of  the  fuels  into  account,  as  was  done  in  the 
previous  section  of  this  paper,  some  very  'nif leant  facts  become 

obvious. 


From  a  comparison  of  the  products  of  the  fuel  specific  im¬ 
pulse  values  and  the  densities,  it  can  oe  seen  that  the  value  for 
methylacetylene  is  significantly  lower  than  that  for  JP-U,  and  it 
must  be  remembered  as  stated  previously  that  the  true  value  for 
methylacetylene  is  somewhat  lower  than  that  listed  in  Table  III. 

It  is  also  evident  that,  many  of  the  acetylenic  fuels  com¬ 
pare  very  favorably  with  JP-U,  and  appear  to  be  oi‘  greater  value 
than  either  methylacetylene  or  ethylene  cjLLuu. 

As  was  noted  in  the  discussion  of  the  compounds  as  raonopro- 
pellants,  here  it  also  appears  that  the  relatively  high  densities 
of  those  compounds  that  contain  either  nitrogen  or  oxygen  tend  to 
balance  their  apparently  lower  fuol  specific  impulse  values. 

Acetylenic  Compounds  as  Additives  to  Methylacetylene 

It  has  been  mentioned  +hat  although  methylacetylene  has  a 
high  monopropellant  specific  Impulse  and  a  high  fuel  specific  im¬ 
pulse,  it  stiffers  frotr  the  disadvantages  of  having  a  high  vapor 
pressure  and  a  low  density.  One  way  of  overcoming  these  difficul¬ 
ties  would  involve  blending  methylacetylene  with  other  high  energy 
compounds  that  have  lower  vapor  pressur-  s. 

The  vapor  pressures  of  a  number  of  blends  were  calculated 
according  to  Raoult' s  Law,  and  the  monopropellant  specific  impulses 
were  calculated  for  those  blends  which  have  vapor  pressures  of  60 
psia  at  100°T.  The  data  for  some  of  the  propyne  blends  are  given 
in  Table  IV. 
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Table  IV 


Monopropellant  Specific  Impulse  Values  for 
Some  Binary  Mixtures  Containing  Propyne. 


Additive 

Minimum  weight 
percent  of  addi¬ 
tive  required  to 
reduce  vapor  pres¬ 
sure  to  60  psia 
at  100°r. 

Specific 
Impulse 
at  con¬ 
centration 
correspond¬ 
ing  to  60 
psia  * 

Maximum  amount 
of  additive 
which  can  b-s 
present  and 
still  have 

id  MO 

1,3-Pentadiyne 

61.0 

187.0 

100.0 

1,3-Hexadiyne 

65,3 

18U.3 

100.0 

1,5-Hexadiyne 

65.6 

190.0 

100.0 

Methylvinylacetylen*’ 

66. U 

171.9 

7U.6 

1,6-Heptadlyne 

68.9 

183.5 

100.0 

Methyldivinylacetylene 

69.0 

157.7 

U».7 

Divinyldlacetylene 

70.8 

176.U 

98.7 

1,7-Octadiyne 

71.7 

17h.3 

88.3 

*  This  is  also  the  maximum  specific  impulse  which  the 
propyne-binary  system  can  attain  and  still  satisfy 
the  vapor  pressure  requirement. 


The  following  factors  are  also  listed  in  Table  t1.': 

a)  The  minimum  amount  of  "additive”  required' to  reduce  the  vapor 
pressure  to  60  pain,  and  the  -oecific  impulse  corresponding  to  this 
minimal  value,  and 

b)  The  maximim  amount  of  addit.iv*  v  .id.  ctn  be  added  to  propyne  and 
still  satisfy  the  speci.'ie  impulse  requirement  of  170  seconds.  In 
instances  where  the  specific  impulse  of  the  additive  is  greater  than 
170,  the  figure  tabulate  !  is  100.!!  additive. 

The  only  binary  system  which  cannot  simultaneously  satisfy 
the  minimum  requirements  £.r  specific  impulse  and  vapor  pressure  is 
the  system  methylacetylene-methyldivlnylacetylene.  All  other  mix¬ 
tures  are  satisfactory  in  the  composition  es  noted  In  Tnhlo  tv; 
e.g.  1,6-heptadiyne  is  satisfactory  when  present  from  68.9  to  100 
percent  by  weight. 

General  Properties  of  Acetylenic  Compounds. 

In 'addition  to  the  general  physical  and  thermodynamic  pro¬ 
perties  of  the  acetylenl.  cciurounds,  certain  other  properties  which 
are  associated  with  handling  characteristics  are  of  considerable  im- 
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portance;  these  Include  storage  and  shock  stability,  toxicity ,  «..J 
compatibility  with  various  materials  of  construction. 

Storage  Stability 

Deterioration  during  storage  is  mainly  caused  by  polymeri¬ 
sation  and  peroxidation.  In  general,  those  acetylenic  compounds 
that  are  not  conjugated  and  contain  no  double  bonds  are  the  most 
stable,  A  series  of  tests  hare  been  run  to  determine  the  relative 
stabilities  of  many  of  the  acetylenic  compounds.  Samples  were  heated 
at  71°C.  for  five  days,  and  were  then  analyzed  for  polymer  content} 
the  results  of  these  tests  are  listed  in  Table  V. 

Similar  tests  were  conducted  using  mixtures  of  methyl- 
acetylene  with: 

1.6- heptadiyne  (69,0,1) 

1.7- octadiyne  (72. 0%) 
methyldirlnylaceiylene  (68. 9%) 
dirinyldiacetylfne 
raethylrlnyl acetylene  (68.9?!). 

The  solutions  of  1,6-heptadiyne  and  1,7-octadiyne  in  methyl- 
acetylene  are  stable  in  the  presence  of  hydroquinone.  The  others 
show  greater  tendencies  to  polymerize,  and  ir.  the  case  of  dlvinyl- 
diacetylene  this  seems  to  be  sufficient  to  exclude  its  use  in  fuel 
blends.  On  the  basis  of  past  experirnc',  it.  arm-a-s  that  1,3- 
pentadiyne  and  1,3-hexadiyne  would  also  polymer! co  t*»o  rabidly  u> 
be  practical  for  use. 

Shock  Sensitivity 

In  the  N.Y.U.  Laboratories  a  .mechanic?!  Impact  tret  appa¬ 
ratus  has  been  used  to  measure  the  shock  sensitivity  oi  men;,  com¬ 
pounds.  This  apparatus  which  has  been  DreV.o.iciy  described  (6), 
consists  of  a  steel  ball  dropping  on  a  piston  which  adlabatically 
compresses  the  test  fuel  in  a  small  cylinder.  This  test  indicates 
whether  a  compound  will  detonat**  under  the  prescribed  conditions 
but.  Hoes  not  rate  a  non-detonating  compound.  In  order  to  do  this, 
a  procedure  was  developed  in  which  the  tester  is  used  to  determine 
the  amount  of  dilution  with  a  sho-k  sensitive  material  technical 
grade  2,2-bis  (tertiary  butyl  peroxy  butane)  required  to  cause  de¬ 
tonation  of  the  test  material.  A  value  of  UO,  for  example,  would 
mean  nnat  addition  of  hot  of  the  acetylenic  compound  quenched  the 
detonation  of  the  peroxy  butane.  The  results  of  many  of  these 
tests  are  listed  in  Table  VI.  None  of  the  compoisids  listed  there 
could  be  detonated  in  the  undiluted  state  by  this  test. 

A  second  method  of  determining  shock  sensitivity  was  used 
in  a  series  of  tests  which  were  run  at  Picatinny  Arsenal  by  New 
York  University.  In  tnis  test,  the  compound  is  subjected  to  the 
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Table  V 


Storage  Stabilities  of  Selected  Acetylenic  Compounds 
Conditionsi  Storage  at  71°C.  for  Five  Days. 


Compound 

Structure 

Remarks 

1,6-heptadl 

H-r*c^H2-CH2-CH2-C*CH 

Very  stable}  only  a 
trace  of  polymer 
isolated. 

1,7-octadiyne  H-CfC-CHj-CHp-CH^-CH^-CWl-H 

Very  stable}  only  a 

trace  of  polymer 
isolated. 

me thyl di vinyl - 

9h3  < 

CH2-C  -  C5C-C  -  CH2 

Pure  compound  under¬ 

acetylene 

CH2-^  -  C=CH 

goes  extensive 
polymerisation,  but 
the  addition  of  0.3/K 
Qulnhydrone  reduces 
the  amount  of  poly¬ 
mer  formed  to  about 
\%  by  weight. 

methylvinyl- 

Less  stable  than 

acetylene 

methyldivinyi- 

acetvie’io. 

cyclopropyl- 

£  ^CH-C=C-H 

Forms  It  polymer 

acetylene 

by  weight. 

cycloprop yl- 

T\fl  CO-H 

Quito  unstable;  5 0 % 

vinylacetylene 

CH^ 

polymer  formed. 
Quinone  does  not 
inhibit  polymeri¬ 
sation  . 

pH3 

CHo  -  C  -  C  *  CH 

methylepoxybutyne 

Very  stable.  Trace 

\/ 

of  polymer  formed. 

dipropargyl  ether 

H-CTC-CH2-0-CH2-CiC-H 

Very  stable.  Trace 
of  polymer  formed. 
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extreme  shock  of  a  detonating  blasting  cap.  This  is  accomplished 
by  placing  the  test  material  in  a  test  tube  which  in  turn  is  placed 
inside  a  snugly  fitting  lead  pipe;  a  number  6  blasting  cap  is 
lowered  into  the  test  tube,  and  the  entire  apparatus  is  detonated 
behind  appropriate  barriers.  The  extent  of  detonation  can  be  es¬ 
timated  from  the  degree  of  fragmentation  of  the  lead  pipe. 

The  results  obtained  using  these  two  methods  of  measuring 
shock  sensitivity  were  found  to  be  in  good  agreement. 

Table  VI 


Mechanical  Impact  Sensitivity  Values 


Compound 


Me  char. 4 1  ax  Impact  Sensitivity 


Rating 

1,6-heptadiyne 

5'- 

1,7-octadlyne 

uo 

methyl vinylacetylene 

ho 

methyldivinylacetylene 

50 

cyclopropylace  tyl ene 

itO 

cyclopropyl vinylacetylene 

70 

1, 2-epoxybutyne 

Ho 

2-methyl -1, 2-epoxybutyne 

50 

dip  rope  rgylamine 

70-3  0 

dipropargyl  ether 

70 

Mechanical  impact  sensitivity  tests  also  were  run  on  mix¬ 
tures  of  methyls cetylene  with:  1,6-hep  adiyne  (69.01;  1,7-octadiyne 
(72.01);  methyldivinylacetylene  (68.91);  divin,vldiac"tyler'e 
and  methyl vinyl ace4  /lene  (68.9-*).  No  detonat.  -*>•••  o’-tcrvcd  fa 
any  of  Lht  mixtures. 

Toxicity 

Only  a  limited  amount  of  information  is  available  concerning 
the  toxicological  properties  of  acetylenic  hydrocarbons.  Some  re¬ 
search  has  been  conducted  on  methylvxnylacetylene,  a  compound  which 
may  be  considered  as  typical  of  its  class.  The  toxicity  of  the  com¬ 
pound  was  determined  by  the  i-Mragastric  and  respiratory  route,  and 
the  local  irritant  properties  were  determined  by  placing  some  of  the 
compound  into  the  eye  of  a  rabbit. 

It  va3  found  that  the  compound  caused  artificial  sleep 
(hypnosis  or  narcosis)  in  mice.  The  testing  also  indicated  that  the 
material  possesses  a  very  slight  irritetiire  activity,  and  this  agrees 
with  previously  reported  studies  Jr  which  butadiene,  isoprene  and 
other  related  compounds  were  said  tc  ^ause  irritation  of  mucous  mem¬ 
branes  of  the  eye  and  respiratory  tract. 
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Using  the  system  cf  classification  of  Hodge  and  Sterner 
(19l*9)  the  AM)  Talue  (Approximate  Lethal  Dose)  following  oral  admin¬ 
istration  of  methylvlnylacetylene  indicates  that  the  compound  has  a 
rating  of  "slightly  toxic".  It  appears  that  any  industrial  hazard 
involved  in  the  handling  of  the  compound  would  lie  In  its  action  as 
a  hypnotic  and  narcotic  agent.  As  indicated  by  results  on  related 
compounds,  prolonged  breathing  of  high  concentrations  could  result 
in  irritation  of  the  respl  rst.ory  passages. 


Corrosion 


In  general,  it  appears  that  most  of  the  acetylenic  com¬ 
pounds  described  herein  are  not  corrosive  to  common  metals.  Other 
compounds  such  as  propargyl  chloride  and  propargyl  bromide  which 
contain  reactive  halogen  atoms  might  be  corrosive  due  to  the  liber¬ 
ation  ol  halogen  acids  on  hydrolysis,  but  the  hydi ocarbons,  ethers, 
alcohols  and  epoxides  appear  to  be  relatively  inert.  Air  Reduction 
Co.  has  come  to  similar  conclusions  regarding  certain  acetylenic 
hydrocarbons. 

Logistics 


The  logistics  of  any  new  fuel  are  of  the  greatest  import¬ 
ance  in  determining  its  final  usage.  The  higher  acetylenic  hydro¬ 
carbons  may  be  produced  by  a  number  if  techniques,  several  of  which 
have  been  shown  to  be  of  potential  comr/'  ;ial  applicability  (7). 

A  most  reasonable  method  of  vinyl  acetylenic  compounds 

involves  the  condensation  of  a  terminal  ar-t.tyl<  ill r.  hydrocarbon  with 
a  ketone  such  as  acetone  in  the  presence  of  a  slurry  of  solid  potas¬ 
sium  hydroxide  as  catalyst.  The  resulting  acetylenic  alcohol  may 
then  be  dehydrated  to  the  hydrocarbon.  A  typical  reaction  is  illus¬ 
trated  by  the  following  equation » 


(1)  KOH  Slnry 
R-f  H  >  CH^-C-CH^  (2)  Hydrolvsl  r 


W, 

r.-ew'-f  -  ch3 
oh 


<?»3 

R-C5C-9  -  CH3 
OH 


-h2o 


n-cic  j "2 

C«2 


Acetylenic  compounds  such  as  1,6-heptadiyne  can  be  pro¬ 
duced  by  the  condensation  of  the  sodium  salts  of  acetylenic  compounds 
with  aliphatic  halides;  e.g. 

2R_rsr_N*  *  X-P'-X  -*  R-CSC-P.'-C2C-R  ♦  2NaX 


Acetylenic  ethers  can  be  formed  using  a  Wlllismson-type 
synthesis  wrieh  involves  the  reaction  of  a  halide  with  the  sodium 
salt  of  the  alcohol.  Props rgy'  ether  can  be  prepared  from  propargyl 
alcohol,  propargyl  bromi  i«  and  potassium  hydroxide. 


2:6 


CONFIDENTIAL 


The  epoxyacetylenic  compounds  can  be  produced  by  the  oxi¬ 
dation  of  acetylenic  hydrocarbons  that  also  contain  double  bords. 

The  double  bond  can  be  preferentially  oxidized  to  an  epoxide  group. 

HCK-cT-  CHo  Jg^tlon  *>  HCBcJ:  -  CHo 

v  c 

Conclusions 

It  is  apparent  that  in  the  ram  rocket  and  turbo-rocket 
it  is  desirabl*  to  use  fuels  which  hrv*  both  good  specific  impulses 
as  monopropellants  and  which  giro  rise  to  exhaust  products  which 
have  high  heats  of  combustion  with  air.  In  these  respects  methyl- 
acetylene  offers  considerable  merit  as  a  fuel,  but  it  has  the  dis¬ 
advantage  of  high  vapor  pressure  and  low  density.  The  disadvantage 
of  high  vapor  pressure  can  be  minimized  by  using  relatively  non¬ 
volatile,  high  energy  aaditives.  Several  acetylenic  hydrocarbons 
show  promise  in  this  reaper* . 

In  certain  missile  applications  where  space  considerations 
are  of  paramount  importance,  it  is  desirable  to  have  a  maximum 
amount  of  thrust  available  from  a  -Tirisrm.  volume  of  fuel.  For  such 
applications  certain  acetylenic  compounds  th*t  convain  cither  cqv.ra 
or  nitrogen,  e.g.  propargyl  ether-  diDropargyl  amine,  appear  to  have 
distinct  advantages. 


♦Illit  O  -  M  M 
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IMPROVEMENTS  IN  THE  OPERA  TINT.  CHARACTERISTICS 
CF  n-PROPYL  NITRATE 


R.  W.  Lawrence  and  W.  P.  Knight 
Aerojet-General  Carp oration 
Azusa,  California 


ABSTRACT 


This  paper  summarizes  chemical  aspects  of  the  work  done 
at  the  Aerojet-General  Corporation  in  the  past  year  in  the  develoj- 
ment  of  a  pas  generate r- turbine  combination  employing  n-propyl 
nitrate.  The  methods  employed  to  reduce  the  chamber  temperature 
and  carbon  formation  are  described.  The  results  of  this  work  lead 
to  the  use  of  the  additive  ferrocene  vMeh  successfully  eliminated 
carbon  deposition.  At.t/»rm+«  -ed><ce  the  chamber  te-..:ovp  • -i)  e 
were  only  partially  successful  and  an  external  coolant  was  used  U> 
reduce  the  turbine  gas  temperature  to  a  more  acceptable  level. 
Attempts  to  propagate  a  detonation  through  tubes  containing 
n-propyl  nitrate  and  tests  to  determine  the  minimum  amount  of  an 
inert  gas  to  prevent  the  inflammation  Ci  n-pmpvl  nitrate  in  air 
are  also  described. 

INTRODUCTION 


A  monopropellant  used  for  power  generation  possesses  an 
advantage  over  bipropcllants  because  of  the  saving  of  weight. 
Monopropellants  that  have  been  orimaril;.  considered  are  nitro- 
nethane,  n-propyl  nitrate,  hydrazine,  unsym-dimethylhydrazlne, 
ethylene  oxide,  nitrccthane,  hydrogen  peroxide,  and  substituted 
acetylenes.  During  the  oast  several  years  Aerojet-General  has 
been  actively  engaged  i..  the  developmer; t  of  hardware  for  pow.r 
production  utilizing  n-propyl  nitrate  and  ethylene  oxide,  Each 
monopropellant  has  its  own  problems  associated  with  it.  For 
example,  typical  disadvaji  Uiges  of  some  me nopro pell ants  are  as 
f ollcw3 : 

Hydrazine  —  difficult  to  start  without  a  catalyst  bed. 

Ethylene  oxide  —  polymerization,  high  vapor  pressure, 
carbon  formation. 
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n-prcpyl  nitrate  —  hi^h  l'lane  temperature,  carbon  formation. 

This  discussion  is  limited  to  the  chemical  problems  associated 
with  n-propyl  nitrate,  which  was  chosen  for  use  in  a  pas  generator. 
The  combustion  products  expand  through  *  de  Laval  nozzle  and  drive 
a  high-speed  turbine  coupled  to  an  electric  generator.  The  varying 
power  required  by  the  system  is  controlled,  by  changing  the  fuel 
flow.  This  requirement  means  that  satisfactory  operation  of  the 
gas  generator  must  be  obtained  over  a  chamber  pressure  range  of 
300  to  1200  psig  for  an  extended  period.  In  addition,  the  system 
must  operate  at  both  low  and  high  monopropellant  temperatures. 

The  two  most  Important  problems  involved  in  the  use  of  n- 
propyl  nitrate  are  the  high  chamber  temperature  ana  its  tendency 
to  deposit  carbon  in  the  chamber.  In  the  gas  generator  used  for  this 
study  the  carbon  fouls  the  injector  end  nozzle  so  that  satisfactory 
operation  is  possible  for  only  a  short  tins.  The  high  chamber 
temperature,  which  is  approximately  2350°  F,  necessitates  the  use 
of  Hayi.es-25  alloy  for  chamber  construction,  but  an  even  more 
important  factor  is  the  high  temperature  in  the  turbine.  The 
problem  is  therefore  to  devise  a  method  of  reducing  or  eliminating 
the  carbon  deposition  and  also  to  reduce  the  temperature  of  the  gas 
entering  the  turbine.  These  two  tasks,  which  are  not  distinct 
problems,  are  discussed  in  the  paragraphs  that  follow.  Finally, 
some  testa  concerning  the  safe  handling  of  n-propyl  nitrate  are 
described,  namely  attempts  to  initiate  a  detonation  wave  in  tubes 
filled  with  the  liquid  and  tlw>  tur.-u.c'  of  brorting  atmosphere 
required  to  prevent  ignition  of  n-propyl  nitrai— air  mixtures  bv 
a  hot;  surface. 

TECHNICAL  DISCUSSION 


The  chamber  temperature  wnich  will  be  attained  when  a  mono¬ 
propellant  decomposes  under  adiabatic  condltior#  can  ><"  calculated, 
provided  that  there  is  ample  time  for  the  propellant  gases  to  corns 
to  equilibrium.  Such  calculations  have  been  made  for  n-propyl 
nitrate  assuming  that  the  products  are  only  CO,  C02,  IL,  H_0.  N?, 

H,  CH.  ,  and  solid  carbon.  A  typical  calculation  (Reference  u) 
shows^that  at  80u  psia  and  1300°  K  (1880°  F)  the  gas  .-.insists 
mostly  of  carbon  monoxide  and  hydrogen  and  has  the  following 
composition: 

Vol.  Percent 


Solid  carbon 


Co 

36.  a 

C02 

3.U 

h2 

38.7 

h2o 

6.7 

N2 

8.3 

c\ 

6.5 

TOTAL 

100.0 

grams/' 

DC  grans  of  gas 
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A  heal  balance,  assuming  these  products,  yields  an  adiabatic 
chamber  temperature  of  1350°  K  (1970°  F),  whereas  the  measured 
chamber  temperature  at  Aerojet-General  and  elsewhere  (Reference  5) 
is  in  the  range  2300  to  2i*00°  F. 

Flame  temperatures  higher  than  the  theoretical  value  can  be 
calculated  if  one  assumes  methane  to  be  present  in  the  gas  mixture 
in  amounts  greater  than  the  theoretical  amount.  In  fact,  a  hipher 
flame  temperature  will  result  if  other  hydrocarbons  or  ammonia  are 
present.  As  has  been  pointed  out  by  others  (Reference  5),  the 
temperatures  attained  are  relatively  low  so  that  kinetic  equilibrium 
of  the  various  species  is  not  obtained, 

Aa  an  example  of  the  complexity  of  the  decomposition  process 
some  of  the  reactions  that  have  been  stunted  kinetically  are  shown 
in  Figure  1,  starting  with  n-propyl  nitrate  vapor.  At  the  relatively 
low  temperature  of  180°  C  the  decomposition  products  from  n-propyl 
nitrate  are  n-propyl  nitrite  and  nitroet^ane.  The  kinetics  of  the 
decomposition  of  n-propyl  nitrite  (Reference  2)  and  of  propylene 
(Reference  3)  have  also  been  studied;  the  final  products  from 
propylene  being  hydrogen,  methane,  ethylene,  acetaldehyde,  acetylene, 
benseno  and  toluene.  The  illustrated  steps  in  Figure  1  are 
obviously  not  the  only  ones  possible.  For  example,  nitrogen  dioxide 
and  nitroethane  can  oxidise  any  of  the  hydrocarbons  present  and  the 
aldehydes  would  further  decompose  to  simpler  species. 

The  carbon  formation  can  occur  through  any  one  of  a  aerie-  of 
steps,  the  simplest  being  the  disproportionation  of  carbon  monoxide 
at  a  dull  red  heats 


2  CO  i- — -  C  ♦  CO 

C 

or  carbon  may  be  formed  by  the  cracking  of  acstylsnn,  ethylene  cr 
cyclic  hydro carbons.  In  fact,  the  carbon  may  core  from  a  multitude 
of  different  reactions  (Reference  6),  ihe  picture  is  further 
complicated  by  the  fact  that  many  of  these  reactions  are  influenced 
by  catalysts  and  yield  different  products  depending  on  the  influence 
of  the  container  walls.  In  summary,  the  two  problems  of  red  Jin g 
the  amount  of  coking  and  simultaneously  reducing  the  adiabatic 
chamber  temperature  are  intimately  -elated  and  the  solution  of  one 
will  not  necessarily  solve  the  other.  Furthermore,  the  complexity 
of  the  thermal  decomposition  orocess  makes  it  extremaly  difficult 
to  predict  the  effect  of  any  specific  scheme  to  solve  the  problem. 

In  the  paragraphs  that  follow,  the  experimental  set-up  is 
described  together  with  the  program  plan  and  tha  results  obtained. 

karkrimkntal  method 


The  equipment  used  was  a  cylindrical  gas  generator  constructed 
of  Haynes  2 5  alloy  with  a  pin- jet  injector  and  with  an  800- inch  L*. 
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No  major  changes  in  the  chamber  configuration  were  made  during  mis 
program*  The  n-propyl  nitrate  flow  rate  was  approximately  2  Ibs/min. 
An  air  start  with  glow  plug  ignition  was  used.  The  gas  temperature 
md  the  outside  wall  temperature  were  taken  during  the  run,  The 
chamber  pressure  during  the  tests  ranged  from  800  to  1200  psig»  The 
weight  and  character  of  the  carbon  were  also  noted  after  the  comple¬ 
tion  of  the  run. 

PROGRAM  PLAN 


Reduction  of  Chamber  Temperature 

Two  substances  which  should  reduce  the  chamber  temperature  by 
absorbing  heal  are  dioctyl  sebacate  ^<Ii-2-ethyl  hexyl  sebacat«7 
or  polyethylene  glycol,  which  were  tried  at  the  U.  S.  Naval  Under¬ 
water  Ordnance  Station.  (Reference  $,  p.  2fi2)  The  dioctyl  sebacate 
was  reported  to  be  capable  of  lowering  the  temperature  to  11*00°  F, 
but  polyethylene  glycol  was  a  better  p  :r former.  In  addition  to  these 
suggested  compounds  others  were  tried  that  should  decompose  to  give 
carbon  dioxide,  such  as  diethyl  oxalate  and  diethyl  carbonate. 

Droll  (Reference  7)  has  reported  that  steam  reduces  the  amount  of 
coke  formation  during  the  cracking  of  hydrocarbons  in  an  iron  tube. 
Therefore,  water,  a  low-freezing  emulsion  of  ethylene  glycol  plus 
water  in  n-propyl  nitrate,  and  various  alcohols  were  also  suggested 
for  trial. 

Another  su ggestion  for  lowering  the  flame  temperature  comes 
from  the  reported  inhibition  by  halogen  compounds  of  the  oxidation 
of  carbon  monoxide  during  the  combustion  of  the  carbon  in  air. 
Concentrations  varying  from  0.1  to  2%  of  compounds  auch  as  m  L„ , 
PCl^,  CL,,  CC1,,  CIICI3  CHpCl?.  HC1  and  I2  were  reported"5 to 

be  very  effective  (Reference  8).  If  carbon  monoxide  oxidation  could 
be  inhibited  in  the  gas  generator,  the  chamber  temperature  should  be 
decreased.  Therefore,  some  of  thes  halogen  compounds  were  tried 
as  additives. 

The  results  of  some  of  the  ma  that  wei-e  made  are 

shown  in  Table  1.  Nearly  all  of  the  trials  resulted  in  carbon 
formation  so  that  accurate  thermocouple  readings  were  not  always 
obtained;  nevertheless  no  realty  satisfactory  reduction  in  chamber 
temperature  was  obtained. 

Reduction  of  -arbon  Formation 

At  the  same  Lime  that  experiments  on  temperature  reduction 
were  performed,  attempts  were  made  to  find  additives  to  reduce 
coking.  The  program  plan  for  the  reduction  of  the  coking  problem 
was  first  to  search  the  available  literature  for  the  solution  of 
analogous  problems.  For  example,  there  is  an  enormous  amount  of 
literature  on  the  problem  of  coking  during  the  thermal  cracking 
of  hydrocarbons.  The  effect  of  steam  in  preventing  coking  has 
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already  been  mentioned.  Substances  such  as  carbon  disulfide  and 
dimethyl  sulfoxide,  which  reduced  carbon  formation  in  an  ethylene 
oxide  gas  generator  (Reference  $t  p.  177),  were  also  tried.  Combus¬ 
tion  catalysts,  such  as  the  acetylacetonates  of  iron,  copper  and 
manganese  were  used  to  determine  whether  this  would  result  in  a 
reduction  of  the  carbon  deposits.  Additives  have  been  found  useful 
In  reducing  carbon  deposits  in  turbojet  engines.  For  example,  Jonash 
and  Cook  have  tested  additives  such  as  commercial  fuel  oil  additives, 
lead  additives,  cadmium  naphthenate,  and  ferrocene  (dicyclopentadienyl 
iron  II)  to  prevent  coking  of  the  burners  ^Reference  S /•  The  authors 
state  that  there  is  probably  an  optimum  concentration  for  each  of 
these  additives  and  that  ferrocene  was  the  best  additive  found  when 
used  at  a  concentration  of  0.05  weight  per  cent. 

A  partial  list  of  the  additives  t»-ied  at  Aerojet-General  is 
shown  in  Table  2.  The  results  of  the  an  iccta  can  be  summarized  as 
follows:  None  of  the  compounds  tried  resulted  in  a  satisfactory 
reduction  In  carbon  deposition  with  the  exception  of  carbon  tetra¬ 
chloride  and  ferrocene.  In  the  case  of  carbon  tetrachloride,  runs 
of  a  duration  less  than  six  minutes  gave  no  carbon,  but  considerable 
carbon  was  formed  in  longer  runs.  Io  ameers  that  the  rate  of  carbon 
formation  in  this  instance  accelerates  with  time.  The  results 
obtained  with  ferrocene  were  completely  satisfactory  for  the  required 
duration,  the  only  carbon  formed  being  a  thin  dust  on  the  chamber 
walls.  However,  ferrocene  is  not  stable  in  r.-propyl  nitrate  so  that 
it  is  also  necessary  to  add  a  stabilizer  to  obtain  a  solution  that 
can  be  stored  for  long  periods  at  elevated  temperatures. 

Because  the  hydrocarbon  dieyclopentadiene  U3sd  as  an  additive 
did  not  prevent  carbon  deposition,  the  cause  must  be  attributed  in 
some  way  to  the  iron.  Hie  ferrocene  does  not  alter  the  chamber 
temperature  which  would  be  expected  f  the  ferroe-no  altered  the  gas 
composition  markedly,  nor  is  it  known  whether  the  l..r.'ocer''  prevents 
the  formation  of  carbon  or  merely  prevents  it  f-.-.m  inning  agglomer¬ 
ates  that  can  stick  to  a  metal  surface.  In  tne  nope  that  other 
effective  additives  containing  iron^could  be  found,  ferric  acetonyl- 
acetate  was  re-investigated  ove~  a  wider  concentration  range  than 
previously  used.  The  best  concentration  found  was  between  0.05  and 
0.10',  but  the  results  were  inferior  to  those  obtained  with  ferrocene. 

After  the  utility  of  ferrocene  was  shown,  the  search  for  a 
suitable  temperature  depressant  continued.  Concentrations  of  iso¬ 
propyl  alcohol  above  15  wt  %  resulted  in  ignition  difficulties  and  use 
of  10  wt  %  of  Ucon  oil  resulted  in  abnormal  operation  at  low  charber 
pressures.  Because  the  use  of  a  temperature  depressant  dissolved  in 
the  n-propyl  nitrate  did  not  resulf  in  an  operating  temperature 
below  200 0°  F  without  creating  profems  of  ignition  and  stable  opera¬ 
tion,  this  approach  w-s  abandoned.  Cocling  of  the  turbine  gases  was 
achieved  by  injection  of  a  separate  r.  tream  of  coolant  gas  into  the 
turbine. 
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In  summary,  a  method  of  successfully  preventing  carbon 
deposition  was  achieved  by  the  use  of  ferrocene  plus  a  stabiliser 
for  this  particular  gas  generator  configuration,  but  no  means  of 
r-’duction  of  the  chamber  temperature  by  using  diluents  was  satis¬ 
factory.  In  the  future  it  would  be  desirable  to  obtain  chamber 
gas  analyses  over  a  range  of  operating  pressures  with  and  without 
ferrocene  and  at  various  values  of  the  characteristic  length,  L*, 
in  order  to  obtain  a  better  insight  into  the  mechanism  of  carbon 
deposition. 


PROPELLANT  SAFETY 

Several  types  of  tests  have  been  made  in  the  last  year  on  the 
safe  handling  of  n- propyl  nitrate.  These  are  (1)  adiabatic  compres¬ 
sion,  (2)  attempts  to  propagate  a  detonation  wave  through  liquid 
n-propyl  nitrate  and  (3)  measurein<'r.tii  of  the  amount  of  inert  gas  such 
as  nitrogen,  carbon  dioxide,  or  Ere on  2jBl  required  to  prevent  the 
ignition  of  n-propyl  nitrate-air  mixtures  on  a  hot  surface.  The 
detonation  propagation  tests  and  the  ignition  tests  are  described 
briefly  below. 

In  order  to  determine  the  ease  of  propagation  of  a  detonation 
in  liquid  n-propyl  nitrate  at  300°  F,  the  ability  of  a  detonation 
wave  to  pass  two  right  angle  bends  in  stainless  steel  tubing  was 
measured.  The  apparatus  in  which  the  tests  were  run  consists  of  an 
annular  reservoir  filled  with  n-propyl  nitrate.  In  the  center  of 
this  outer  reservoir  is  a  aeparri*  container  which  can  be  filled  with 
a  liquid  explosive.  The  reservoir  containing  t'.\0  n-  propyl  nitrate 
is  connected  to  a  length  of  lA-in»  stainless  steel  tubing,  in  which 
two  right  angle  bends  were  made  about  U-in.  apart.  The  outer 
reservoir  and  tubing  were  filled  with  n-propyl  nitrate,  the  apparatus 
was  then  sealed  ard  heated  to  300°  F.  A  test  tube  containing  a 
quantity  of  Aerex  (a  proprietary  Aerojet  liquid  explosive)  and  an 
initiator  were  lowered  into  the  upper,  inner  reservoir  and  dotori&'ocJ, 
In  the  tests  conducted  in  this  manner  no  ,vupag3tion  of  the  detonation 
wave  was  observed  in  the  n-propyl  nitrate  because  the  l/li-In.  tubing 
was  recovered  intact  in  each  case,  and  liquid  was  found  remaining  in 
the  1/li-in.  tubing.  As  a  naans  of  comparison,  the  l/U-in.  tubing 
and  the  outer  reservoir  were  filled  with  Aerex  •xplosi''-  ,  which, 
through  previous  experience,  is  known  to  propagate  a  detonation  wave, 
and  initiated  in  a  similar  msmer.  Shreds  of  the  lA-in.  stainless 
steel  tubing  were  all  that  could  be  found  after  the  test*  Therefore, 
it  is  concluded  that  liquid  n-propyl  nitrate  at  300°  F  does  not 
propagate  a  detonation  in  a  l/I»-ii;«  tube.  These  tests  were  extended 
to  tubes  of  larger  diameter,  namely  l/2-in.  and  1-l/u-in.  and  in 
these  tests  no  detonation  propagation  was  observed.  It  is  concluded, 
that  in  the  event  of  a  malfunction  in  the  gas  generator,  a  detonation 
wave  will  not  propagate  back  to*  the  storage  vessel,  even  through 
tubes  larger  than  customarily  used. 
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Another  possible  hazard  that  is  being  investigated  is  the 
behavior  of  n-propyl  nitrate  sprayed  against  a  hot  metal  surface 
in  an  atmosphere  consisting  of  air  mixed  with  either  nitrogen, 
carbon  dioxide,  or  Freon  13 B1  (bromotrifluororaethane).  The  original 
apparatus  consisted  of  a  230  ml  glass  tube  containing  a  hot  stainless 
steel  target  against  which  liquid  n-propyl  nitrate  was  injected  with 
a  hypodermic  needle.  More  recently,  a  larger  apparatus  of  12.8 
liters  volume  was  constructed  with  a  window  in  one  end.  The  para¬ 
meters  studied  were  the  temperature  of  the  atmosphere  surrounding 
the  plate,  the  stainless  steel  plate  temperature,  the  composition  of 
the  gas  mixture,  the  amount  of  n-propyl  nitrate  injected  against  the 
plate,  and  the  incidence  of  flame.  The  total  pressure  before 
injection  of  the  liquid  n-propyl  nitrate  was  11*. 7  psia*  The  results 
of  some  of  these  tests  are  shown  in  Table  3.  These  tests  indicate 
that  for  a  plate  temperature  of  800  to  F  and  a  gas  temperature 
of  UCX)  to  $00°  F  the  following  concentration  of  inert  gas  must  be 
used  to  prevent  inf lamma ties: 

nitrogen  —  75  to  87  vol  % 

Carbon  dioxide  —  $0  to  63  vol  % 

Freon  13B1  —  50  to  7$  vol  * 

However,  it  is  known  that  if  the  gas  temperature  ware  equal  to  the 
plate  temperature  the  amount  of  inerting  gas  would  have  to  bg  raised 
to  prevent  combustion.  These  studies  are  being  continue* ,  using 
higher  concentrations  of  n-propyl  nitrate  and  higher  plate  temper¬ 
atures. 
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TABUS  1 


ADDITIVES  TRIED  FOR  TEMPERATURE  REDUCTION 

IN  A 

n-PROFTL  NITRATE 

GAS  GENERA  TCR 

— - _____  Additive 

Chamber 

None 

WZ  * 

Temperature 

Isopropyl  alcohol 

■ 

2350 

Ethylene  oxide 

8.0 

2200-2300 

Ethylene  oxide 

20.0 

1800-2100 

Water 

10.0 

2100-2200 

Dicctyl  atelate 

5.0 

2250 

Freon  2JJ 

10.0 

1900-2000 

Diethyl  oxalate 

5.0 

2300 

Diethyl  oxalate 

5.0 

2190 

Diethyl  carbonate 

10.0 

21h0 

Dimethyl  disulfide 

10.0 

2000 

Dimethyl  formaraide 

4.5 

2030 

Ethylene  carbonate 

4.5 

1760 

Carbon  tetrachloride 

7 //on 

Chloroform 

5.0 

2300 

Dimethyl  sulfoxide 

5.0 

2250 

Dioxane 

2.0 

2130 

Tetraethylen© glycol  dimethyl  ether 

5 

c 

23  >0 

Ethyl  formate 

7 

20'u0 

Dioctyl  sebacate  (+  0.1*  carbon 

10 

t* 

2130 

tetrachloride) 

5 

2100 

Dioctyl  sebacate  (+  0.05*  ferrocene) 

< 

“C°"  OU,  50HBJ60  (.  0.05* 

10 

2150 

2000* 

No  carbon  formation. 


227 


CONFIDENTIAL 


CONFIDENTIAL 


Lawrence,  Kni^it 


TABLE  2 

ADDITIVES  TRIED  TO  RF.DUCK  CARBON  FORMATION  IN  A 
n-PROPYL  NITRATE  GA^  GENERATOR 


_  Additive 

Cobalt  octoate 
Carbon  disulfide 
Dimethyl  sulfoxide 
Tetraethyl  lead 
Carbon  tetrachloride 
Iodine 

Dicyclopentadiene 
Ferrocene  (+  0.12  stabilizer) 
Ferrocene  (♦  0.12  stabilizer) 
Ferric  acetylacetonate 
Ferric  acetylacetonate 
Ferric  acetylacetonate 
Ferric  acetylacetonate 
Ferric  acetylacetonate 
Manganese  acetylacetonate 


Duration,  Carbon 


_wtx 

Min 

Formation 

2.0 

6 

Large 

2.0 

6 

Moderate 

2.0 

6 

Moderate 

2.0 

2 

Small 

0.10 

6 

Nil 

0.75 

1-1/2 

Large 

0.05 

6 

Large 

0.05 

16 

None 

o.ci 

13 

None 

0.005 

12 

Moderste 

0.01 

3 

Moderate 

C.C5 

11 

Small 

0  .10 

11 

Small 

2.0 

— 

Large 

0.20 

0 

Large 
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TABLE  3 


INCIDENCE  OF  IGNITION  FOR  n- PROPYL  NITRATE  INJECTED  AGAINST  A 
METAL  PLATE  IN  VARIOUS  ATMOSPHERES 


Gas 

PlaU 

Voi  2 

Voi  2 

JJuisber  or  Taot-s 

Temp.  °? 

Temp.  ®F 

Air 

"2 

n-PN.  ml 

Total 

CoBtmstlon 

3 

275-32$ 

800-9UO 

25 

75 

2.0 

Ha 

I*15-Ji50 

900-910 

25 

75 

2.0 

5 

■r 

5 

U15-150 

800-900 

12.5 

Voi  2 
Air 

87.5 
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PROPOSED  TEST  FACILITY 
FOR  100,000  POUND  THRUST  ROCKETS 
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Paul  Lisberman,  l/Lt»,  USAF 
John  V.  Kars'nail,  Project  Engineer 
Air  Forca  Flight  Taat  Center 
Rocket  Engine  Teat  Laboratory,  Edwards  Air  Force  Base 
Air  Research  and  Development  Command 
United  States  Air  Fries 


INTRODUCTION 

The  military  requirement  for  placing  a  large  payl >ad  in  apace  by 
the  use  of  a  small  low-cost  missile  structure  has  placed  new  demands 
on  the  development  of  improved  rockets.  Investigation  of  how  to 
achieve  Improved  rocket  performance  has  led  to  the  consideration  of 
high  energy  propellants.  Although  there  are  many  prooellants  that  are 
capable  of  being  used  for  their  >*igh  specific  thrust,  still  there  are 
only  a  few  that  can  be  used  in  a  practical  design,  it  this  time, 
fluorine-type  oxidants  are  considered  capable  of  attaining  the  require¬ 
ments  of  an  operational  missile.  It  is  this  assumption  that  has 
prompted  the  following  discourse  on  a  teet  facility  capable  of  testing 
a  fluorine  rocket. 

Liquid  fluorine  vaporizes  so  rapidly  and  has  such  violent  chemi¬ 
cal  reactivity  that  complex  methods  are  required  to  neutralise  It  in 
the  liquid  state.  In  its  vapor  state  fluorine  forma  u  gas  cloud  of 
high  toxicity,  and  natural  atmospheric  diffusion  is  the  only  known 
method  of  reducing  the  li&zarda  of  the  airborne  c^cn t*.  rJvmri  alter 
fluorine  undergoes  combustion,  its  products  of  combustion  contain  ths 
highly  poisonous  gaseous  hydrofluoric  add.  In  addition,  hydrofluoric 
acid  will  attack  glass,  concrete,  cert  air  metals,  natural  rubber, 
leather,  and  many  organic  materials. 

In  spite  of  the  above  disadvantages,  the  use  of  fluorine  is  nec¬ 
essary  because  of  the  structural  problems  .nd  restricted  performance 
Imposed  by  the  use  of  conventional  rocket  oxldlsers. 

In  order  to  reach  targets  on  another  continent,  it  is  necessary 
for  a  rocket  utilising  conventional  propellants  to  bum  three-quarters 
of  a  ton  of  propellants  during  each  seccnd  of  powered  flight.  This 
high  flow  rats  of  propellants  being  pusped  through  the  combustion 
chamber  is  made  possible  by  the  turbine  being  able  to  withstand, 
during  its  500  seconds  lifetime,  the  thermal  weakening  of  structures 
when  exposed  to  the  hot  impinging  gases  of  1,200°F  (standard  steels 
lose  their  structural  properties  at  1,200°?),  and  ths  centrifugal 
stresses  imposed  by  turbine  rotational  speeds  of  30,000  RPM  (piston- 
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driven  propellers  rotate  at  2,500  RPM,  axial-type  turbines  in  turbo¬ 
jets  rotate  at  6,000  RPM,  and  centrifugal -type  turbines  rotate  at 
12,000  RPM).  Phua  it  is  clear  that  heavier  payloads  and  longer  ranges 
would  necessitate  stretching  performance  of  missile  components  to  be¬ 
yond  the  3tnte  of  the  art  or  else  using  excessively  large  structures. 

The  use  of  high  energy  propellants  will  permit  futuristic  accom¬ 
plishments  to  be  achieved.  For  example,  if  the  1,500  pounds  of  pay¬ 
load  were  to  be  delivered  to  a  long  range  target  by  a  high  energy  pro¬ 
pellant  combination  (T__  •  275  seconds)  instead  of  a  conventional  pro¬ 
pellant  combination  (tJ)  •  250  seconds),  then  the  propellant  flow  rate 
requirement  drops  51%,  the  diameter  of  a  100  feet  long  missile  shrinks 
33%,  the  maximum  drag  force  reduces  8W  (lower  drag  means  lower  pro¬ 
pellant  requirements,  smaller  structures  to  accommodate  the  lower  pro¬ 
pellant  requirement,  and  lower  akin  temperature),  and  the  over-all 
weight  decreases  5h% .  For  a  more  detailed  comparison,  reference 
Appendix  A  of  this  report. 

Thus,  if  longer  ranges  and  heavier  payloads  are  to  be  achieved  by 
future  missiles,  then  the  improved  performance  capability  of  new  pro¬ 
pellant  combinations  must  be  tried  in  spite  of  the  many  hazards  in¬ 
volved  in  harnessing  the  higher  specific  thrust  propellant  combination. 

The  harnessing  of  fluorine  as  a  rocket  propellant  has  been  accom¬ 
plished  by  the  National  Advisory  Committee  of  Aeronautics  with  their 
5,000  pound  thrust  rocket,  the  Gocketdyne  Division  of  North  American 
Aviation,  Incorporated,  with  th^ir  5,000  pound  thrust  rocket,  and  the 
Sell  Aircraft  Corporation  with  their  30,000  pound  thrust  rocket.  The 
Rocket  Engine  Test  Laboratory  has  been  on  contract  with  the  General 
Chemical  Division  for  a  fluorine  generating  plant  snd  essecisted 
facilities;  with  the  Ralph  M.  Parsons  company.  Incorporated,  lor  a 
100,000  pound  thrust  fluorine  rocket  engine  test  stand  and  back-up 
facilities;  and  with  the  Stanford  Research  Institute  for  a  study  of 
the  concentration  of  rocket  toxic  exhaust  gases  at  various  distances 
from  the  test  site. 

The  purpose  of  this  paper  is  to  explain  and  dejoplbe  a  testing 
facility  capable  of  supporting  a  f luorino-b yd-ocarb'  r.  liquid  propell¬ 
ant  rocket  engine  of  up  to  100,000  peumie  thrust. 

PRINCIPLES  GOVERNING  DESIGN  OF  A  FLUORINE  FACILITY 

Fluorine,  in  order  to  ex' st  in  its  liquid  state,  must  be  main¬ 
tained  at  temperatures  colder  than  -30k.6°F  at  1  atmosphere.  Since 
liquid  nitrogen  at  -320. k°F  is  used  a s  the  refrigerant  and  thermal 
insulation  Jacket,  th«*e  are  in*-oduced  hydraulic  and  cryogenic  pro¬ 
blems  such  as  the  following: 

(1)  It  is  characteristic  of  liquids  that  need  only  a  small 
amount  of  heat  energy  to  reach  their  boiling  point  to 
receive  this  energy  for  boiling  from  warm  parts  and 
viscous  work.  This  results  in  cavitation  in  pumps,  and 
geysering  in  pipelines. 

(2)  Under  wide  temperature  ranges  it  is  difficult  to  design 
for  thermal  contraction  of  gaskets,  valve  seats,  close 
tolerance  parts,  and  long  transfer  lines. 

Fluorine  is  highly  corrosive  as  a  liquid  or  gap.  The  method  of 
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containment  is  to  allow  fluorine  to  deliberately  corrode  the  surfaces 
to  be  wetted,  until  a  protective,  passive  flucride  film  forms.  The 
following  materials  can  be  used  for  fluorine  containment:  nickel, 
monel,  copper,  brass,  bronze,  stainless  steel,  aluminum,  tin,  and 
teflon. 

The  toxic  characteristics  of  fluorine  and  hydrofluoric  acid  are 
such  that  50  to  1,200  parts  per  million  by  volume  will  be  dangerous  to 
life  for  a  30  to  60  minutes  exposure,  while  1,800  p.p.m.  will  be  fatal 
even  for  a  short  time  expnanra.T*  This  toxic  characteristic  of  fluo¬ 
rine  establishes  the  need  for  either  of  two  design  requirements: 

(1)  Fluorine  must  not  leave  the  system.  In  order  to  be 
contained  within  the  storage  or  transfer  system,  it  is 
necessary  that  fluorine  remain  in  its  liquid  state, 
because  the  excess  back  pressures  and  hydraulic  prob¬ 
lems  of  two-phase  flow  problems  need  be  avoided.  There¬ 
fore,  a  refrigerant  is  used  to  maintain  fluorine  in  the 
desired  liquid  phase.  Since  liquid  nitrogen  is  readily 
available  and  inert,  it  is  convenient  to  use  as  a 
refrigerant. 

(2)  If  fluorine  or  its  by-producte  are  to  leave  the  system, 
then  absorption  and  neutralization  must  be  accomplished 
before  venting  to  atmosphere.  Therefore,  large  quan¬ 
tities  of  water  are  used  to  absorb  the  fluorine  or  its 
by-products,  and  then  a  bed  of  lime  slurry  is  used  to 
neutralize  the  diluted  solution.  The  rigid  requirement 
placed  on  thie  absorption  and  neutralization  process 
can  be  realized  when  the  maximum  rjwmm" nlsd  coiersble 
concentration  of  fluorine  for  humans  is  considered  to 
be  1  to  3  p.p.m./volumo.2  This  concentration  will 
result  in  slight  symptoms  after  an  eight  hour  exposure. 

Fluorine  is  highly  reactive  and  will  even  react  explosively  with 
water  if  the  process  takes  place  in  a  confined  area.  It  is  this  con¬ 
sideration  that  has  led  to  two  design  requirements: 

(1)  Phe  process  of  absorbing  and  neutralizing  the  fluorine 
and  its  by-products  exhausted  from  a  rocket  firing 
requires  an  enclosed  area  to  avoid  toxic  effects  on 
hur.ans  and  corrosion  of  materials  in  the  test  area. 

The  absorbing  and  neutralizing  process  takes  place  i  • 
an  enclosed  scrubber  containing  a  water  spray  where  the 
highly  reactive  fluorine  may  combine  explosively  with 
water.  Thus,  the  scrubber  will  be  built  so  as  to  re¬ 
lease  the  force  of  an  explosion. 

(2)  Iven  minute  quantities  of  water  must  be  purged  from  a 
fluorine  system,  for  any  water  in  the  system  will 
create  a  heat  generating  reaction  and  induce  boil-off 
in  the  liquid  fluorine.  This  rapid  generation  of  boil- 
off  produces  pressure  surges.  Thus,  purging  of  any 
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water  la  required  before  fluorine  is  allowed  to  flow 
within  the  system,  In  addition,  protection  for  the 
structure  to  withstand  these  surges  must  be  designed 
into  the  system. 

Pure  water  reacts  explosively  with  fluorine.  Therefore,  the 
water  of  the  test  stand  deluge  system  must  contain  additives  to  neu¬ 
tralise  the  fluorine  Into  a  salt  that  can  be  handled.  Excess  water 
must  be  supplied  to  overcome  the  heat  of  reaction,  heat  of  solution, 
and  poor  mi’d.ng  of  the  fluorine  with  the  alkaline  water.  Thus  by  the 
addition  cf  a  base,  large  quantities  of  water  can  be  used  to  safely 
deluge  the  fluorine.  Until  further  laboratory  tests  are  completed, 
ammonia  will  be  chosen  as  the  additive  to  the  test  stand  water  deluge. 

Exhaust  gases  from  the  rocket  contain  toxic  gaseous  hydrofluoric 
acid.  To  prevent  escape  of  the  gaseous  hydrofluoric  acid  into  the 
atmosphere,  it  necessary  to  absorb  the  gases  in  a  solution  where 
they  can  be  handled  for  disposal.  .hi  a  is  accomplished  by  directing 
the  exhaust  gases  through  miliiple  water  sprays  where  the  gaseous 
hydrofluoric  acid  is  absorbed  and  diluted  to  a  weak  solution.  The 
exact  extend  of  HP  absorption  in  the  water  sprays  can  not  he  deter¬ 
mined  until  the  facility  is  in  operation  and  sampling  techniques  em¬ 
ployed.  Scale-up  of  existing  commercial  scrubber  facilities  indicate 
that  at  leant  90?  of  the  100,000  pound  thrust  toxic  exhaust  gases  can 
be  absorbed. 

OPERATION 

Operation  of  the  proposed  fluorine  test  facility  will  be  as 
follows : 

Prior  to  the  rocket  firing  a  careful  local  weether  study  will  be 
made  to  determine  the  atmospheric  diffusion  capability.  Based  on  the 
weather  survey  findings,  the  time  and  duration  of  firing  are  estab¬ 
lished.  Then,  the  normal  checkout  of  the  test  rocket  performance 
sensing,  recording,  and  control  devices,  and  test  support  equipment 
will  be  accomplished.  All  personnel  are  at  duty  stations  in  the  con¬ 
trol  station  blockhouse,  which  has  an  emergency  ventilation  system 
with  a  self-coutained  oxygen  supply.  Fluor4.n»  is  fed  tc  the  missile 
tankage  from  the  permanent  storage.  A  9G,o00  GPM  water  flow  through 
the  flame  deflector  and  scrubber  systems  will  be  started.  *  few 
seconds  later,  the  rocket  will  be  fired. 

During  the  rocket  firing,  the  exhaust  flames  are  to  be  channeled 
through  an  enclosed  deflector  which  contains  Jet  wheels  and  banks  cf 
nozzles  spraying  water.  The  deflector  will  turn  the  vertical  rocket 
exhaust  eas  flow  into  a  horizontal  scrubber.  It  is  estimated  that 
approximately  10  percent  of  the  rocket  toxic  exhaust  gases  escape  into 
the  atmosphere  from  the  stack  at  the  end  of  the  scrubber.  The  re¬ 
mainder  of  the  rocket  exhaust  gases  will  be  absorbed  by  wate  •  spray 
and  leave  the  scrubber  as  a  dilute  hydrofluoric  acid  solution.  This 
solution  will  flow  by  gravity  to  an  enclosed  catch  basin  (Figures  h 
and  5). 

After  the  firing,  the  hydrofluoric  acid  solution  in  the  catch 
basin  is  pumped  to  two  water  treatment  tanks  where  the  HF  solution  is 
mixed  with  quicklime  and  water.  The  resulting  slurry  is  then  gravity 
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fed  to  the  settling  pond.  In  the  settling  pond,  a  precipitate  settles 
to  the  bottom  of  the  pond  and  the  clear  water  is  puiuped  into  the 
treated  water  reservoir  where  it  is  available  for  re-use. 

DESCRIPTION  OF  COMPONENTS 

The  function  of  each  component  of  the  facility  capable  of  hand¬ 
ling  fluorine  and  its  by-products  will  be  as  follows: 

The  fluorine  will  come  into  the  test  area  via  railroad  or  mobile 
trailers  in  specially  constructed  tank  cars  or  trailers.  Since  the 
tcxic  fluorine  boil-off  cannot  he  vented  while  in  transit,  the 
fluorine  is  maintained  as  a  liquid  by  a  liquid  nitrogen  refrigerant 
and  vacuum-perlite  insulation  Jacket  which  will  sir-round  the  tank  car, 
or  trailer. 

At  the  unloading  point,  a  small  quantity  of  liquid  fluorine  from 
the  tank  car  or  trailer  is  passed  through  a  heating  coil  so  that  the 
liquid  will  flash  to  its  gaseous  state.  The  accumulation  of  fluorine 
gas  in  the  space  above  the  liquid  surface  of  the  liquid  fluorine  con¬ 
tainer  pressurizes  the  container.  The  liquid  fluorine  will  be  forced 
at  high  flow  rates  through  a  transfer  line  to  permanent  storage 
vessels  by  this  pressurization  process. 

The  four  50,000-gallon  storage  vessels,  like  the  railroad  tank 
car,  will  have  concentric  jackets  of  liquid  nitrogen  refrigerant  and 
vacuum-perlite  insulation  surrounding  the  liquid  fluorine  container. 
These  storage  vessels  are  to  be  set  in  an  enclosed  blast-protected 
bunker  having  a  floor  lined  with  lime.  The  bunker  will  be  designed 
to  provide  for  neutralization  of  possible  fluorine  leakage  from  mani¬ 
folding  and  storage  vessel  Joints. 

Transfer  of  the  fluorine  to  the  test  stand  will  be  -lished 

after  checking  for  leaks  and  purging  the  transfer  system  with  nitro¬ 
gen  to  remove  possible  contaminants,  and  then  evacuating  the  system. 
After  the  evacuation  procedure,  the  fluorine  will  be  pushed  from  the 
storage  veasels  into  the  missile  tankage  by  pressurized  helium  at 
ll*0  psi.  Upon  completion  of  the  fluorine  transfer,  the  transfer  sys¬ 
tem  is  purged  by  helium  gas  which  forces  any  residual  fluorine  througn 
a  natural  gas  burner,  and  the  combusted  product '  will  be  vented  to 
atmosphere.  Thus,  the  transfer  system  will  be  composed  of  nitrogen 
pressure  bottles,  vacuum  pumps,  vacuum  insulated  transfer  system, 
helium  pressure  bottles,  and  a  natural  gas  burner. 

The  test  stand  will  be  capable  of  withstanding  thrust  loadings  of 
up  to  100,000  pounds.  The  fluorine  test  stand  will  resemble  the 
standard  type  test  stnnd  except  for  tM  following  four  items: 

(1)  There  will  be  a  blast  shield  between  the  rocket  engine 
and  the  propellant  tanks.  In  the  event  of  an  explosion, 
the  blast  shield  shall  stop  shrapnel  and  absorb  blast 
effect:  that  would  ta  capable  of  rupturing  the  propell¬ 
ant  tankage. 

(2)  The  high  probability  of  frequent  explosions  occurring 
in  a  research  and  development  program  justifies  the  uae 
of  a  permanent  propellant  dump  system.  In  the  event  of 
an  explosion,  the  propellants  in  the  test  rocket  tank¬ 
age  will  be  immediately  channeled  away  froei  the  danger 
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area  by  means  of  e  transfer  line  to  the  propellant  dorp 
terporary  storage.  The  tonporaiy  storage  capability 
will  be  designed  to  provide  for  holding  all  the  emptied 
contents  of  the  test  rocket  tankage.  From  the  temporary 
storage,  constructed  on  a  bed  of  crushed  limestone,  the 
propellants  will  be  transferred  to  the  test  stand  perm- 
aiiont  storage.  This  dump  procedure  will  eliminate  the 
spread  of  an  uncontrolled  reaction  on  the  test  staid. 

(3)  The  water  deluge  for  the  test  stand  will  have  200,000- 
gallon  capacity  at  a  flow  rate  of  12,500  OPM  (Figure  h). 
This  water  deluge  system  must  be  designed  with  recog¬ 
nition  that  water  and  fluorine  react  violently.  How¬ 
ever,  it  has  been  suggested  that  treated  water  will 
reduce  the  extant  of  the  fluorine-water  reaction. 
Additives  under  cjusI deration  are  calcium  carbonate, 
calcium  hydroxide,  and  ammonia. 

(h)  Back-up  of  the  toxic  rocket  engine  exhaust  gases  from 
the  flame  deflector  enclosure  will  be  reduced  by  a 
"back-up  shield"  placed  at  the  top  of  the  flame  deflect¬ 
or  enclosure.  Air,  enti fined  by  the  high  velocity 
rocket  exhaust,  also  will  help  redice  the  escape  of  the 
exhaust  gases.  However,  too  much  air  entrainment  is  not 
desirable  since  it  creates  higher  i.'ess  flow  through  the 
scrubber.  This  high  mass  flow  is  not  desirable  because 
it  does  not  allow  sufficient  time  for  the  water  spray  to 
absorb  the  HF.  ^"f^icidlt  time  for  tha  water  spray 
absorption  of  HF  is  obtained  i>y  o^c large  scrub¬ 
ber  cross-sectional  areas  that  are  required  to  cause  a 
low  velocity  flow  under  a  high  mass  flow  condition. 

The  fluorine  boil-off  in  the  missile  tankage  will  not  be  released 
to  the  atmosphere.  Instead,  it  will  be  passed  through  a  refrigerating 
coil,  cjndensed,  and  returned  tc  the  missile. 

The  high  temperature  exhaust  gas  of  the  rockal  will  bo  co» 
cooled  to  2QO°F  by  a  jet  water  wheel.  Vh*  J*t  water  wheel  will  be 
located  at  the  center  line  of  the  rocket  motor,  above  the  flame  de¬ 
flector,  and  attached  to  the  test  stand.  Over  lL,000  GPM  of  water 
will  spray  radially  inwart’  to  the  core  of  the  flame  through  eight 
water  nozzles.  If  the  water  nozzles  were  not  immersed  in  the  fl  one, 
then  the  high  flow  rate  rocket  exhaust  gases  would  carry  the  injected 
water  downstream  to  the  point  of  impingement  before  the  coolant  water 
could  reach  the  core  of  the  flame.  Thus,  the  nozzles  will  be  place*4 
in  the  middle  third  of  the  flame  to  assure  uniform  cooling.  The 
nozzles  will  be  arranged  with  four  nozzles  for  each  of  two  levels. 

The  nozzles  are  aerodynamical ly  shaped  and  will  be  arranged  with  a 
minimum  number  of  nozzles  per  level  to  prevent  back-up  of  the  toxic 
rocket  exhaust  gases. 

The  flame  deflector  will  be  of  the  water-film-cooled  p'late  typ*. 
Since  the  deflected  flamee  will  be  toxic  and  must  not  escape,  it  will 
be  necessary  to  shroud  the  deflector  plate  so  that  it  will  take  on  the 
appearance  of  a  flame  bucket.  The  normal  back-cp  of  gases  at  the 
entrance  to  a  flame  bucket  will  be  suppressed  by  a  gas  back-up  shield 
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on  the  flame  bucket  entrance  and  by  a  bank  of  nosales  which  sprays 
high  velocity  streams  of  water  at  2,000  GFM,  entraining  particles  end 
forcing  them  through  the  bucket  in  the  correct  direction. 

The  bottom  of  the  flame  bucket  will  be  shaped  so  as  to  deflect 
the  vertical  eschaust  gases  into  the  horizontal  scrubber  eystan.  This 
turn  section  also  will  expand  the  gas  flow  during  deflection  to 
achieve  a  more  uniform  exhaust  gas  flow  across  the  scrubber  cross- 
section. 

The  exhaust  gases  will  then  be  channeled  through  a  scrubber  where 
sufficient  water  is  added  to  make  a  1  to  $%  hydrofluoric  acid  solu¬ 
tion.  The  mixing  of  approximately  90,000  QPM  of  water  with  the 
exhaust  gas  will  be  assured  by  the  diameter  and  length  of  the  scrubber 
duct  (Figure  I*). 

The  vertical  discharge  stack  of  the  scrubber  will  trap  the  mist 
of  water  droplets  containing  dissolved  FP,  while  the  unabsorbed  HF 
escapes  into  the  atmosphere.  The  mist  can  oe  trapped  by  three  possi¬ 
ble  design  features  of  the  stack: 

(1)  Changing  the  direction  of  the  mist  flow  causes  centri¬ 
fugal  forces  to  knock  the  mist  agairst  the  baffled  side 
walls  of  the  vertical  stack.  The  baffled  side  walls 
will  retain  soma  of  the  mist  long  enough  for  it  to  form 
larger  droplets  and  fall  to  the  bottom  of  the  a tack. 

(2)  The  large  cross-sectional  area  of  the  stack  will  slow 
the  mist  velocity  down  so  that  the  mist  will  reside  lcng 
enough  to  settle  to  the  floor.  A  baffle  arrangement 
further  along  the  stack  will  help  increase  the  residence 
time  to  tssure  settling  of  the  mist, 

(3)  Droplets  over  5  microns  in  diarurtar  which  ere  still  en¬ 
trained  in  the  gas  stream  after  the  settling  process  will 
be  trapped  by  passage  through  a  woven  monel  wire  mesh. 
Provisions  will  be  made  for  washdown  of  the  mesh  after 
exposure  to  the  corrosive  mlst^ 

All  three  of  the  above  stack  design  features  will  be  desirable. 
However,  the  pressure  drops  associated  with  the  use  of  all  three 
devices  may  cause  an  excessive  pressure  drop  and  back-up  of  the  toxic 
gases  in  the  scrubber  system. 

The  dilute  hydrofluoric  acid  will  flow  by  gravity  from  the  scrub¬ 
ber,  via  an  open  lined  trench,  to  an  enclosed  catch  basin.  The  lid 
enclosure  of  the  catch  basin  will  prevent  evaporation  of  the  toxic  HF. 
The  gunnited  catch  basin  will  have  a  -apaciTy  of  1,000,000  gallons 
(Figure  2). 

The  large  quantities  of  hydrofluoric  acid  in  the  catch  basin  will 
require  extensive  lime  storage  and  transfer  facilities  to  accoxplleh 
adequate  neutralisation.  Railroad  spurs  for  delivery  of  quicklime, 
conveyer  belts,  feeding  mechanisms,  125-ton  capacity  storage  silo,  and 
bucket  elevators  will  be  used  to  deliver  the  quicklime  from  the  rail¬ 
road  delivery  point  to  the  water  treating  t*k*  (Figures  2  end  h). 

The  dilute  hydrofluoric  acid  in  the  catch  basin  will  then  be 
pumped  at  1,000  GPM  to  the  two  15,000  gallon  water  treatment  tanks. 
These  tanks  will  be  made  of  steel  or  redwood  and  contain  a  rotary 
blade  mixer.  Water  and  quicklime  will  then  be  added  to  the  hydro- 
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fluoric  acid  solution  in  th«  water  treatment  talks.  Constant  agita¬ 
tion  of  the  mixture  aids  the  neutralising  reaction  and  the  resultant 
slurry  will  be  gravity  fed  to  the  settling  pond  (Figures  2  and  li). 

In  the  180,000  gallons  settling  pond  the  slurry  from  the  water 
treatment  tanks  will  be  allowed  to  form  clear  water  by  allowing  the 
settling  of  a  sludge  of  calcium  fluoride.  The  sludge  will  fill  tie 
pond  to  capacity  each  year  and  must  be/removed. 

The  clear  water  from  the  settling  pond  will  be  pumped  at  1,000 
GPM  to  the  2,000,000  gallon  treated  water  reservoir.  This  water  will 
be  re-used  for  the  flame  coolant  system,  scrubber  system,  and  scrubber 
water  treatment  system  (Figure  h). 

In  stumary,  the  equipment  peculiar  to  the  fluorine  facility  will 
be  the  following!  The  oxldiser  permanent  and  t emp o rary-dunp  storage 
and  transfer  system;  treated  water  test  stand  deluge  system;  scrubber 
and  stack;  quicklime  storage  and  transfer  system;  dilute  hydrofluoric 
acid  catch  basin;  dilute  hydrofluoric  acid  neutralising  tanks;  pro¬ 
ducts  of  the  neutralised  hydrofluoric  acid  settling  pond;  treated 
water  reservoir  for  flame  coolant,  scrubber,  and  neutralising  tanks; 
and  atmospheric  diffusion-capability  indicators  (Figures  2,  3,  h  and 
5).  This  equipment  boosts  the  cost  of  the  $9,000,000  conventional 
oxldiser  two  test  stand  facility  to  $12,000,000  for  the  fluorine 
oxidizer  two  test  stand  facility  (Appendix  B). 

CONCLUSION!) 

In  order  for  rockets  to  attain  heavier  payloads  and  longer  ranges 
with  small  low-coat  structures,  it  ts  neceasarv  to  use  high  energy 
propellants. 

Of  the  high  energy  propellants,  fluorine  is  considered  capable  of 
the  earliest  attainment  of  practicability  for  use  in  operational 
rockets. 

In  spite  of  the  many  hazards  associated  with  fluorine,  a  safe 
fluorine  test  facility  is  within  the  present.  state  of  the  art. 

The  performance  limits  of  the  fluorine  facility  is  n~*  predict¬ 
able  because  of  the  meager  data  available  >n  chemical  reactions  and 
mechanical  mixing  in  high  fluid  flow  systems  containing  fluorine  and 
its  by-products.  Thus,  it  is  necessary  that  the  Initial  test  firings 
be  programmed  for  starting  with  small  rockets  and  building  up  the 
thrust  level  to  where  atmospheric  diffusion  can  still  handle  the 
effluent  toxic  gases. 

Expansion  of  the  fluorine  facility  to  support  higher  than  100,000 
pounds  thrust  fluorine  rocket  engines  will  require  sampling  of  the 
fluid  properties  throughout  the  100,000  pounds  thrust  system  during  its 
operation.  This  sailing  will  furnish  data  for  determining  the  feasi¬ 
bility  of  the  expansion  of  the  facility. 

The  design  of  this  fluorine  facility  is  considered  conservative, 
based  on  the  available  data. 

Weather  surveys  need  be  carefully  accomplished  because  at mo spher¬ 
ic  diffusion  of  toxic  gases  determiiie  the  selection  of  the  test  site, 
time  of  firing,  and  duration  of  firing.1’  (Appendix  C  and  Figure  6) 

The  estimated  cost  of  ths  proposed  fluorine  2  test  stand  complex, 
during  I960,  will  be  approximately  $12,000,000,  aa  oonpared  to 
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NOTATION: 

Symbol 
A  (FT2) 
CD 


f 


ni  (3Li06) 

T  (POUNDS) 
Tgp  (SRC) 
t  (SEC) 
y  (FT) 

f 


APPENDIX  A 
Definition 

Cross-section  area  of  missile 

Coefficient  of  drag 
* 

"Is  a  function  of" 

Gravitational  constant 

Instantaneous  mass  of  missile 
Thrust 

Specific  thrust 
Time 

Vertical  displacement  above  surface  of  earth 
Density  of  air 


Superscripts: 

•  First  derivative  with  respect  ' o  time 

••  Second  derivative  with  respect  to  time 

Subscripts: 

o  Condition  existing  at  surface  of  earth 

p  Propellants 

DERIVATION: 

Asstiming  that  the  effects  of  drag,  decreasing  gravitational  force 
with  altitude,  variation  from  constant  propellant  flow  rate,  and  une 
term  Ap$  are  negligible;  than  the  vertical  ascension  of  a  rocket  can 
be  approximately  represented  by: 


T  "  ("b  “  "p*)go 

("°  -  V) 


u) 


240 


CONFIDENTIAL 


CONFIDENTIAL 


Lieberman  and  Marshall 


In  th®  casa  of  an  actual  rocket,  which  ^counters  both  th® 
effect-;  of  drag  and  changing  gravitational  pull  with  increasing  alti¬ 
tude,  in®  trajectory  defined  by  equation®  (1),  (2)  and  (3)  can  still 
be  maintained  by  controlling  th®  rat®  of  propellant  burning  according 
to  Equation  (l<). 

«  1  _  .2 

"o^  ♦  »o*  ♦  —  %f*7 

1 - 5— - _  (H 

p  Tspg  ♦  tg  ♦  t?  ♦  f 


where 


"o  * 

m 

7  - 

g  - 

°D  * 

f  - 

A  - 


f 

f 

f 


("payload*  "structure •  "propellant) 
(Se«  Equation  1) 


t  (A,y,y) 
t  (y) 
t  (»o) 

f  (See  Equation  2) 
f  (Propellant  combination) 


As  a  result  of  the  abov®  equations,  it  was  possible  to  obtain  the 
graphical  comparison  shown  on  Figure  1  for  the  assumed  conditions 
stated. 
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COBT  ESTIMATE- Of  fit/Al  TLST. .POSITION 
&U ORJOTt  TEST  tacilitt 


TYPE  FACILITY 

FLUORINE 

CONVB1TIONAL 

Owiaral  Sit*  Development: 

a.  Clearing  and  Drubbing 

b.  Structural  Excavation 

c.  Unclaaalflad  Excavation 

Subtotal! 

t  20,000 
553,520 
1,10,000 

M 

*  20,000 

353,520 

360,  OX) 

t  902,,  320 

*  733,520 

Teat  Stands  and/or  Scrubbers: 

*1,732,000 

*1,290,000 

Instrumentation  and  Control 

Facilities: 

a.  Building 

b.  Tunnels,  Cable  Traja ,  etc. 

c.  Conductor* 

d.  Inetrun«ntatlon  and  Equlpmnt 
*.  Heather  Station  Equipment 

Subtotal: 

1  395,000 
298,500 
lLO.OOO 
1,175,000 
9,000 

t  395,000 

295,500 

12,0,000 

1,175,000 

12,017, W 

*2,0 00, 50" 

Propellant  Storage  and  Transfer 
Facilities: 

a.  Qxldliar  Storaga 

b.  axial aer  Transfer 
e.  Fuel  Storage 

d  Fuel  Tranefer 
a.  KLacellaneoua 

Subtotal: 

*  705,000 
1,117,600 
115,1/0 
to?,  y,o 
;  75,000 

*  600,000 

1,00,000 

'  115,370  • 

1  o 

25,000 

*2,1,70,220 

H,Wi7,620 
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COST  ESTIMATE  (Cnnt4mt*d) 


TYPE  EACH, ITT 

MAICRTW 

camomcMii. 

9.  Hieeila  Deluge  Syataet 

a,  Amcmia  Corgsraoaor 

b.  Ammonia  Lina  Mixer 

c,  tfatar  'hit 

d.  Solution  Storage  Tank 
a.  Anhydrous  Anwonla  Storage  T«iV 
f.  Oiglne  Washdown  Purp 

C.  FTigina  Oalufo 

h.  Propellant  Tank  Deluge  Purgi 

i.  'Ilsslle  Deluge  Spray  Syatoa 

9  1,670 

730 

820 

i  21,370 

9,110 
10,750 
23,790 
21,570 
75,980 

Subtotal ! 

f  165,790 

10.  Watar  Distribution  System 

a.  Supply  to  Sita 

b.  ’o table  S V. i  «,c  Tank 

c.  Piping  Valvaa 

d.  Aceaaaorlaa 

9  638,320 
20,960 
600.810 

3/oc 

•  338,320 
20,960 
250,000 

I'Z'V 

Subtotal > 

91,063,090 

9  610,780 

11.  Electrical  Dlatributlon  Syatani 

a.  12.1,  KV  Faadar 

b.  Substation  and  Dlatributlon 

1  71,230 

i33,61iC 

9  71,230 

103,61,0 

Subtotal i 

1  2CL.870 

9  176,070 

12.  KlaeAllanaouai 

a.  Shop  Buildings 

b.  Railroad 

Pavanant  and  Drainaga 
d,  Cteaar*atlon  Can«ra  Poeta 
a.  Burning  Pita 

9  82,320 

368,000 
296,850 
30,000 
25,000 

1  82,320 
v>fl(nnn 
296,850 
30,000 
25,000 

Subtotal) 

9  802,170 

•  808,170 

Total  Nat  Coati 

ai,  166,830 

97,930,1,60 

Dnforaaaan  Coat  -  loNi 

1,  llli, 683 

793,066 

TOTAL  COBTi 

912,261,513 

•8,723,506 
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APPENDIX  C 

ATMOSPHERIC  DIFFUSION 

The  gaseous  HF  escaping  from  the  scrubber  will  be  carried  by  the 
atmosphere  so  that  the  concentration  at  a  dovnwirtl  point  on  the  ground 
ia  given  byj 

2M 

C  *  — — - — 

rr'z7  cE  ux2_n 


where i 

C  -  Downwind  concentration 

Cv  •  Coefficient  of  latere!  dispersion 

C8  ■  Coefficient  of  vertical  dispervion 

M  -  Mass  of  material  emitted  per  unit  time 

n  ■  Coefficient  of  stability 

U  »  Average  wind  speed 

X  -  Distance  downwind  from  source 
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SPECIFIC  THRUST  (seconds) 

AVERAGE  THRUST  (pounds) 

AVERAGE  PROPELLANT  FLOW  RATE  (Ibs/see) 
MAXIMUM  TOTAL  DRAG  (pounds) 

MISSILE  DIAMETER  (feat) 

TOTAL  MISSILE  WEIGHT  (pounds) 


HIGH  ENERGY 
PROPELLANT 
MISSILE 

conventional 

PROPELLANT 

MISSILE 

275 

250 

360,000 

1,400 

22,000 

8 

12 

113,100 

242,900 

WHERE  BOTH  MISSILES  HAVE  THE  FOLLOWING  IN  COMMON: 


MISSILE  LENGTH 
BURNOUT  ALTITUDE 
BURNOUT  VELOCITY 
BURNOUT  ACCELERATION 
BURNOUT  TIME 
PAYLOAD 


ion  r:tT 

‘SO.OC'O  Ft*' 

1 5, unn  et  PER  SEC 
<23  FT  PER  SEC/SEC 
135  SEC 
1,300  POUNDS 


FIGURE  I 

HIGH  ENERGY  V,r,vi  CONVENTIONAL 
PROPELLANT  PERFORMANCE 
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4JJUME0,  _ 

TURBULENV  CONDITIONS 

■>  -  0.20  _ 

Cr  -  0.47 
C,  -  fl.JJ 

WND  .10*^  ~ 

Tf  ST  EMISSIONS  -  14  IS  pm  »c. 
EQUIVALENT  TO  100,000  lb  THRUST 
SCRUBBER  *ITH  W  ABSORPTION 
OR  TOXIC  EXHAUST  CASES.  ~ 


R4000  or 


,  RANOBR  t  DISTANCE  -  MILES 


FIG,  6 

rvwMViun  fQUATl°*  VLCVLATtm, 

OOWNWmO  CONCENTRATIONS  OF  HIGH  ENERGY  TEST  EFFLUENTS 
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